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ABSTRACT
The object W33 is a giant molecular cloud that contains star forming regions at various evolutionary stages from quiescent clumps
to developed H ii regions. Since its star forming regions are located at the same distance and the primary material of the birth clouds
is probably similar, we conducted a comparative chemical study to trace the chemical footprint of the different phases of evolution.
We observed six clumps in W33 with the Atacama Pathfinder Experiment (APEX) telescope at 280 GHz and the Submillimeter
Array (SMA) at 230 GHz. We detected 27 transitions of 10 different molecules in the APEX data and 52 transitions of 16 different
molecules in the SMA data. The chemistry on scales larger than ∼0.2 pc, which are traced by the APEX data, becomes more complex
and diverse the more evolved the star forming region is. On smaller scales traced by the SMA data, the chemical complexity and
diversity increase up to the hot core stage. In the H ii region phase, the SMA spectra resemble the spectra of the protostellar phase.
Either these more complex molecules are destroyed or their emission is not compact enough to be detected with the SMA. Synthetic
spectra modelling of the H2CO transitions, as detected with the APEX telescope, shows that both a warm and a cold component are
needed to obtain a good fit to the emission for all sources except for W33 Main1. The temperatures and column densities of the
two components increase during the evolution of the star forming regions. The integrated intensity ratios N2H+(3−2)/CS(6−5) and
N2H+(3−2)/H2CO(42,2−32,1) show clear trends as a function of evolutionary stage, luminosity, luminosity-to-mass ratio, and H2 peak
column density of the clumps and might be usable as chemical clocks.
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1. Introduction
Over the past decades, a commonly accepted picture of massive
star formation has emerged (for recent reviews see McKee & Os-
triker 2007; Zinnecker & Yorke 2007; Beuther et al. 2007; Tan
et al. 2014). The earliest stage is the gravitational collapse of
a cold dark cloud, which forms a prestellar core of size 0.03–
0.2 pc (Bergin & Tafalla 2007). The prestellar core contracts
further and a protostar emerges. With time, the protostar heats
the surrounding material and a molecular hot core1 can be ob-
served (e.g. Kurtz et al. 2000). The protostar keeps accreting
material through an accretion disk. The angular momentum of
the infalling material is removed through outflows and likely vis-
cosity in the accretion disk (Lynden-Bell & Pringle 1974; Arce
et al. 2007). Furthermore, water, methanol, and hydroxyl masers
are observed close to the protostar and in the outflows. When the
protostar is energetic enough it starts to ionise its birth cloud (e.g.
Wood & Churchwell 1989). Once the expansion of the ionised
gas is not quenched anymore, a hypercompact H ii region is ob-
∗Integrated intensity line and continuum maps of the APEX tele-
scope and the SMA are available as FITS files at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/
1In this publication, a hot core describes a structure of warm and
dense gas around the new born star before the excitation of an H ii re-
gion.
served, which expands into an ultracompact and then compact
H ii region (Hoare et al. 2007). When all the material around the
star is destroyed or blown away by stellar winds, the high-mass
star becomes detectable at optical wavelengths.
Studying the chemical evolution of star forming regions from
young infrared dark clouds (IRDCs) to evolved H ii regions
yields insights into the chemical and physical processes at work
during star formation. Spectral line surveys give information
about the chemical composition, the temperature, the density,
and the kinematical structures of the star forming material. Many
spectral line surveys have been conducted over the last years, fo-
cusing on either complete spectral coverage of a certain region
like Sgr B2 (e.g. Turner 1991; Belloche et al. 2013) or Orion-
KL (e.g. Turner 1991; Beuther et al. 2005b) or spectroscopically
limited surveys of targets selected by their evolutionary stage
(IRDCs, e.g. Vasyunina et al. (2014), Sanhueza et al. (2012) or
hot cores, e.g. Beuther et al. (2009)). Recently, Gerner et al.
(2014) conducted a 1 mm and 3 mm spectral line survey of
59 high-mass star forming regions in four different evolution-
ary stages from IRDCs to ultra-compact (UC) H ii regions. They
found that the abundances of detected molecules tend to increase
during the evolution of the star forming regions. In addition,
they show that the overall detection rate of different molecules is
much higher for hot cores than for UC H ii regions. However, the
number of line surveys which cover different evolutionary stages
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in samples of high-mass star forming regions is still low and of-
ten these observed regions are not connected. They are located at
different distances and originate from different giant molecular
clouds (GMCs), which complicates a quantitative comparison of
the detected chemical features due to different spatial scales and
different initial star forming material probed.
1.1. The W33 complex
The W33 complex was first detected as a thermal radio source in
the 1.4 GHz survey of Westerhout (1958). The object W33 is lo-
cated in the Scutum spiral arm in the first quadrant of the Galaxy
(e.g. Immer et al. 2013). Observations of the dust emission in the
W33 complex made in the course of the Atacama Pathfinder Ex-
periment (APEX) Telescope Large Area Survey of the GALaxy
(ATLASGAL, Schuller et al. 2009) at 870 µm show three large
molecular clumps2 (W33 B, W33 A, and W33 Main) and three
smaller dust clumps (W33 Main1, W33 A1, and W33 B1; con-
tours in Fig. 1). The coordinates of the dust emission peaks in
these six clumps, as obtained from the ATLASGAL maps, are
given in Table 1.
From observations of radio recombination lines, H2CO ab-
sorption, and CO emission, a peculiar velocity field was detected
in the W33 complex (e.g. Gardner & Whiteoak 1972; Gard-
ner et al. 1975; Goldsmith & Mao 1983). Towards W33 A and
W33 Main, emission/absorption peaks were observed at a radial
velocity of ∼36 km s−1 while the emission/absorption was maxi-
mal at a radial velocity of ∼58 km s−1 towards W33 B. However,
the CO observations of Goldsmith & Mao (1983) show emis-
sion of both velocity components throughout the whole complex.
Different explanations for this velocity field have been proposed.
Bieging et al. (1978) suggest that W33 is a single connected star
forming complex with internal motions of about 20 km s−1 at a
near-kinematic distance of 3.7 kpc (corresponding to the 36 km
s−1 velocity component). Goss et al. (1978), however, favour
a superposition of two unrelated star forming regions along the
line of sight. Trigonometric parallax observations of the water
masers in W33 B, W33 Main, and W33 A yield distances, which
are consistent with 2.4 kpc and show that W33 is one connected
star forming complex (Immer et al. 2013).
At a distance of 2.4 kpc, the angular size of W33 corresponds
to a physical size of ∼10 pc. Revising the results of Stier et al.
(1984) for a distance of 2.4 kpc, the W33 complex has a total
bolometric luminosity of ∼8 · 105 L. Haschick & Ho (1983)
detected the radio continuum emission of a cluster of zero age
main sequence stars with spectral types between O7.5 and B1.5
(revised for a distance of 2.4 kpc) in W33 Main.
Masing transitions of water and methanol have been detected
in W33 A, W33 Main, and W33 B (e.g. Genzel & Downes 1977;
Jaffe et al. 1981; Menten et al. 1986; Haschick et al. 1990; Im-
mer et al. 2013), and OH masers have been observed in W33 A
and W33 B (Wynn-Williams et al. 1974; Caswell 1998) (posi-
tions listed in Table 1). No masing transitions were observed in
the clumps W33 Main1, W33 A1, and W33 B1. The methanol
masers in W33 B and W33 A are radiation pumped (Class II, 6.7
GHz) while the methanol maser in W33 Main is pumped by col-
lisions (Class I, 25 GHz; see Menten (1991) for the difference
between Class I and Class II methanol masers and their differ-
ent pumping). In W33 B and W33 A, the methanol, water, and
hydroxyl masers are separated by less than 8′′ and 2′′, respec-
2In the following publication, the dust condensations on the APEX
scales are called “clumps” and on the SMA scales “cores”, roughly fol-
lowing the nomenclature of Bergin & Tafalla (2007).
tively. No OH and 6.7 GHz CH3OH masers were detected in
W33 Main.
A cluster of three infrared sources, residing in W33 Main,
was detected by Dyck & Simon (1977) at 3.4–33 µm. Another
infrared source was observed in W33 A with deep absorption
features at 3 and 10 µm (Dyck & Simon 1977; Capps et al. 1978;
de Wit et al. 2010). Stier et al. (1984) conducted far-infrared
observations of W33 at 40–250 µm and detected four sources
in the complex (W33 B, W33 B1, W33 Main, and W33 A). In
the center of W33 Main, infrared emission peaks at 3.6−8 µm
and at 70−500 µm are observed in the Spitzer/GLIMPSE and the
Herschel/Hi-GAL maps (Fig. 1a and Fig. 1b), respectively. The
two water masers are located between these infrared peaks. To
the east of W33 Main, two arcs of strong mid-infrared emission
can be seen in Fig. 1a. In the west, the mid-infrared emission
forms a bubble and a ∼5 pc long filament. Both are visible at
70 and 160 µm in the Herschel/Hi-GAL maps (Fig. 1b) but not
at longer wavelengths. Strong mid- and far-infrared emission is
also detected at the center of W33 A and at the border of W33 A1
and W33 B1. Weaker and more diffuse emission is observed at
the positions of W33 B and W33 Main1.
Star clusters, signs of advanced star formation in the W33
complex, are detected at the border of the W33 B1 clump, in
the centers of W33 Main and W33 A, and east and west of
W33 Main (Morales et al. 2013, and references therein; black
Xs in Fig. 1). The coordinates of the star clusters, which are
labeled SC-1 to -6, are listed in Table 1. The vicinity of the star
clusters outside of W33 Main to the arc- and filament-shaped in-
frared emission suggests that this emission is influenced by the
high-mass stars in these clusters.
Observations at radio wavelengths show W33 Main as a
compact source, which is embedded in weaker and extended
emission. The objects W33 A and W33 B are located at the
edges of this extended emission (e.g. Wynn-Williams et al. 1981;
Stier et al. 1982; Ho et al. 1986; Longmore et al. 2007). Bro-
gan et al. (2006) observed the W33 complex and its surround-
ings at 330 MHz with the VLA (Fig. 1c) to detect supernova
remnants (coordinates in Table 1) in the region. Two supernova
remnants are found in the north-west of the W33 complex at a
distance of about 8 pc from the W33 Main clump (outside of Fig.
1). One strong radio emission peak is detected at the center of
W33 Main, which is located between the infrared peaks. The
object W33 Main is also the only source that shows strong emis-
sion at 5 GHz in the Co-Ordinated Radio ’N’ Infrared Survey for
High-mass star formation (CORNISH) VLA survey (Hoare et al.
2012). East of W33 Main, strong radio emission at 330 MHz co-
incides with the arc-shaped infrared emission. Ho et al. (1986)
suggested that the extended emission is an ionisation front, ex-
cited by an earlier generation of high-mass stars that penetrates
the molecular material around W33 Main. They conclude that
shocks from high-mass stars can compress molecular clouds on
short time scales (∼104 yr) if these stars are not too luminous.
The star cluster SC-5 could be a candidate for containing this
earlier generation of stars. A comparison of the ages of SC-5 and
the star cluster in W33 Main (SC-4) could provide information if
the star formation in W33 Main was triggered by an earlier gen-
eration of stars. Weaker emission at 330 MHz is detected at the
position of the infrared bubble and the filament, forming a bow-
shaped structure around the star cluster SC-2. Diffuse emission
is observed at the border of the W33 B and W33 B1 clumps. No
radio emission at 330 MHz is found in the clumps W33 Main1,
W33 A1, and W33 A.
The object W33 A was studied by Galván-Madrid et al.
(2010) with the Submillimeter Array (SMA) at 219.3–221.3 and
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229.3–231.3 GHz. They detected two dust cores, which are sur-
rounded by parsec-scale filaments of cold molecular gas. They
suggest that the star formation activity within the cores was trig-
gered by an interaction of the filaments. Evidence for a rotating
disk was found in the brighter core which is orientated perpen-
dicular to a strong outflow. The more massive second core has a
less powerful outflow and probably is in an earlier evolutionary
stage than the first core.
Combining the continuum and maser information, we can
sort our sources in different groups (Table 2), which mirrors their
evolutionary stages. The sources are sorted along an evolution-
ary sequence which goes from top to bottom. In the last column,
we tentatively assigned evolutionary stages to the sources that
have been previously characterised in other star forming regions.
In the rest of this publication, we assume that the six clumps fol-
low similar evolutionary tracks despite their different masses and
luminosities, and, thus, a comparison of the chemical composi-
tion of the different clumps along the evolutionary sequence is
valid.
We observed these six molecular clumps with the APEX3
telescope (Güsten et al. 2006) and the SMA4 (Ho et al. 2004).
The goal of this project is to study the chemical composition of
the star forming regions along a possible evolutionary sequence.
The two data sets have different resolutions; thus, they provide
information about the chemical composition of the star forming
regions on different scales. Since the high-mass star forming re-
gions in the W33 complex are located at very similar distances
and probably originate from the same GMC, we probe the same
scales and also likely very similar initial abundance ratios in the
different star forming regions, which allows a quantitative com-
parison of the detected chemical compositions.
The paper has the following structure. In Sect. 2, we de-
scribe the observations and complementary data sets that were
analysed in this paper. In Sect. 3, we focus on the kinematics
in the W33 complex. Section 4 gives dust temperatures and to-
tal masses of the studied molecular clumps. In Sects. 5 and 6,
we present results from the APEX and SMA observations. In
Sect. 7, we infer column densities and gas temperatures from
the APEX and SMA observations for each clump. Section 8 dis-
cusses the chemical diversity in the W33 clumps. In Sect. 9, we
give a short summary of our results. In the online Appendices
A and B, we describe the source-specific results of our APEX
and SMA observations. The online Appendix C gives a detailed
description of the Weeds modelling and the obtained results.
2. Observations and data reduction
2.1. Submillimeter Array data set
We observed five molecular clumps of the W33 complex
(W33 Main1, W33 A1, W33 B1, W33 B, and W33 Main; see
contours in Fig. 1) at 230 GHz with the SMA. The observa-
tions were taken in compact configuration in 2011 May, cover-
ing baselines from 16 to 69 kλ (corresponding to detected phys-
ical scales of ∼0.04 to ∼0.18 pc). The full width at half max-
imum (FWHM) of the primary beam is 55′′. The five sources
were observed with hexagonal seven-pointing mosaics. The
3The APEX project is a collaborative effort among the Max Planck
Institute for Radioastronomy, the Onsala Space Observatory, and the
European Southern Observatory.
4The Submillimeter Array is a joint project between the Smithso-
nian Astrophysical Observatory and the Academia Sinica Institute of
Astronomy and Astrophysics and is funded by the Smithsonian Institu-
tion and the Academia Sinica.
two side bands have a bandwidth of 4 GHz each and cover a
frequency range of 216.9−220.9 GHz (lower sideband, LSB)
and 228.9−232.9 GHz (upper sideband, USB). The observations
have a channel spacing of 0.8125 MHz (corresponding to 1.1
km s−1). Table 3 lists the coordinates of the mosaic centers
(Columns 2, 3) and the noise levels for the continuum and the
line emission per source (Columns 5, 6).
The data reduction and analysis was conducted with the soft-
ware packages MIR5, Miriad6 (Sault et al. 1995), and CASA7
(McMullin et al. 2007; Jaeger 2008). From observations of Ti-
tan, the absolute amplitude was derived. The quasar 3C279
served as bandpass calibrator. The observations alternated be-
tween the target sources and the phase calibrators 1733−130 and
1911−201. The continuum data set was constructed from lin-
ear baseline fits to line-free channels in the upper and lower
sidebands and subtracted from the whole data set to produce a
continuum-free line data cube. We imaged the continuum and
the line emission of all five sources with CASA’s interactive
cleaning task. We made moment 0 (integrated intensity) and
moment 1 (velocity field) maps of all the detected lines in each
source.
The object W33 A was previously observed with a similar
setup by Galván-Madrid et al. (2010). Their observations have
a slightly coarser spectral resolution than our observations of 3
km s−1. The data cube was cleaned with natural weighting with
the MIRIAD CLEAN task, resulting in a synthesised beam of
3.9′′ x 2.3′′, which gives a slightly better spatial resolution than
our data sets. However, the observations only have a bandwidth
of 2 GHz per sideband. After flagging bad edge channels, the
data cube covers the effective frequency ranges 219.38−221.21
GHz and 229.38−231.31 GHz.
In 2011 March, W33 Main was observed with the SMA in
compact configuration at 345 GHz as part of a filler project. To
cover the same area as our 230 GHz observations, W33 Main
was observed with 23 pointings in a hexagonal mosaic. In this
publication, we focus on the continuum data of these observa-
tions. The data reduction was conducted in a similar manner as
for the 230 GHz data set. As amplitude, bandpass, and phase
calibrators, the sources Titan, 3C279, 1733−130, and 1911−201
were observed. The on-source observing time of W33 Main was
∼1 h. The line-free and continuum-free data sets were produced
by fitting a linear baseline to line-free channels in both sidebands
and subtracting it from the whole data set. Then, we imaged the
continuum with CASA’s interactive cleaning task. The image
has an rms level of 65 mJy beam−1. The size of the synthesised
beam is 2.9′′ x 1.9′′ with a position angle of 151◦.
2.2. Atacama Pathfinder Experiment telescope data set
On-the-fly (OTF) maps of the six molecular clumps W33 Main1,
W33 A1, W33 B1, W33 B, W33 A, and W33 Main were ob-
served at 280 GHz at the APEX telescope with the FLASH
receiver and the facility Fast Fourier Transform Spectrometer
(FFTS). The covered area is 1.8′ x 1.8′. The full width at half
maximum (FWHM) of the beam is ∼23′′. The observations have
two sidebands with a bandwidth of 4 GHz each, centered at
280.2 GHz and 292.2 GHz, and a smoothed spectral resolution
of 1.6 km s−1 (to obtain a higher signal-to-noise ratio). The cali-
brated data set was analysed with the software CLASS8 from the
5https://www.cfa.harvard.edu/~cqi/mircook.html
6http://www.cfa.harvard.edu/sma/miriad/
7http://casa.nrao.edu/gettingstarted.shtml
8http://iram.fr/IRAMFR/GILDAS/doc/html/class-html/
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Fig. 1: High-mass star forming complex W33 and its surroundings. The background images show infrared and radio continuum
emission at 8 µm (panel a), 70 µm (panel b), and 90 cm (panel c), respectively. The contours show dust emission at 870 µm from
the ATLASGAL survey (levels 1, 2, 4, 8, 16, and 32 Jy beam−1). Black and red crosses mark 6.7 GHz methanol and 22 GHz water
masers, respectively. The positions of star clusters are indicated with black Xs. The pink circles in panel (a) and the pink squares in
panel (b) show the sizes of the SMA mosaics and the covered areas of the OTF APEX maps, respectively.
(a) Infrared emission at 8 µm (Spitzer/GLIMPSE survey). (b) Infrared emission at 70 µm (Herschel/Hi-GAL survey).
(c) Radio emission at 90 cm (VLA survey).
GILDAS9 (Pety 2005) package. We determined the continuum
level from the line-free channels and subtracted it as a linear
baseline from the data cube, generating a continuum-free line
data set. We generated spectra of each source by averaging the
spectra of the OTF maps within an area of 24′′ x 24′′, covering
the area of the beam around the (0,0) position. For each source,
we produced moment 0 maps of each detected line. Column 4
of Table 3 gives the noise level of the line data cubes for each
source.
2.3. Institut de Radioastronomie Millimétrique 30m telescope
data set
To obtain zero-spacing information for the SMA 13CO and C18O
observations of W33 Main, the molecular clump was observed
with the HERA instrument at the Institut de Radioastronomie
Millimétrique (IRAM) 30m telescope using the new FFTS back-
9http://www.iram.fr/IRAMFR/GILDAS/
end in 2012 February. The observations were centered on the
(2−1) transitions of the CO isotopologues 13CO and C18O at
220.398 and 219.56 GHz, respectively. On-the-fly maps were
taken in the frequency-switching mode, covering an area of
6′ x 6′. The calibrated data set was further reduced and anal-
ysed with the CLASS software to obtain a continuum-free line
database. First, baselines of order 7 and 3 were fitted to the
line-free channels and subtracted from the data; the spectra were
folded, and then again a linear baseline was fitted to the line-
free channels and subtracted from the data. To combine the
IRAM30m data sets with the SMA data sets, we smoothed the
data to a spectral resolution of ∼1.2 km s−1 and re-imaged the
SMA data of 13CO and C18O with the same spectral resolution.
The SMA and IRAM30m data cubes were combined in the im-
age plane with the CASA task feather.
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Table 1: Sources in the W33 complex.
Source R.A. (hh mm ss) Dec (dd ′′ ′′′′) Object Reference
W33 Main1 18 14 25.021 −17 53 58.13 Molecular clump Contreras et al. (2013); this work
W33 A1 18 14 36.087 −17 55 04.95 Molecular clump Contreras et al. (2013); this work
W33 B1 18 14 07.144 −18 00 45.10 Molecular clump Contreras et al. (2013); this work
W33 B 18 13 54.368 −18 01 51.92 Molecular clump Contreras et al. (2013); this work
W33 A 18 14 39.059 −17 52 02.72 Molecular clump Contreras et al. (2013); this work
W33 Main 18 14 13.531 −17 55 47.47 Molecular clump Contreras et al. (2013); this work
W33 B-OH 18 13 54.79 −18 01 47.9 OH maser Caswell (1998)
W33 A-OH 18 14 39.53 −17 52 01.1 OH maser Caswell (1998)
W33 B-H2O 18 13 54.7457 −18 01 46.588 H2O maser Immer et al. (2013)
W33 A-H2O-a 18 14 34.4366 −17 51 51.891 H2O maser Immer et al. (2013)
W33 A-H2O-b 18 14 39.5714 −17 52 00.382 H2O maser Immer et al. (2013)
W33 Main-H2O-a 18 14 13.8283 −17 55 21.035 H2O maser Immer et al. (2013)
W33 Main-H2O-b 18 14 14.2315 −17 55 40.573 H2O maser Immer et al. (2013)
W33 Main-CH3OH 18 14 11.09 −17 55 57.4 CH3OH 25 GHz maser (Class I) Menten et al. (1986)
W33 B-CH3OH 18 13 54.75 −18 01 46.6 CH3OH 6.7 GHz maser (Class II) Green et al. (2010)
W33 A-CH3OH 18 14 39.53 −17 52 00.0 CH3OH 6.7 GHz maser (Class II) Green et al. (2010)
SNR-1 18 13 19 −17 54 Supernova remnant Brogan et al. (2006)
SNR-2 18 13 37 −17 49 Supernova remnant Brogan et al. (2006)
SC-1 18 14 08.0 −18 00 15 Star cluster Morales et al. (2013)
SC-2 18 13 55.0 −17 56 55 Star cluster Morales et al. (2013)
SC-3 18 13 24.0 −17 53 31 Star cluster Morales et al. (2013)
SC-4 18 14 13.0 −17 55 55 Star cluster Morales et al. (2013)
SC-5 18 14 22.0 −17 56 10 Star cluster Morales et al. (2013)
SC-6 18 14 40.0 −17 52 07 Star cluster Morales et al. (2013)
Table 2: Evolutionary sequence of star forming regions in W33 derived from continuum and maser observations.
Source Submillimeter Infrared Maser Radio Evol. Stage
W33 Main1 X weak – – High-mass protostellar object
W33 A1 X weak – – High-mass protostellar object
W33 B1 X weak – – High-mass protostellar object
W33 B X weak X – Hot Core
W33 A X X X – Hot Core
W33 Main X X X X H ii region
Table 3: Pointing center coordinates and rms noise levels of APEX and SMA observations.
APEX SMA (230 GHz)
Sourcea R.A. Dec rmsLine rmsContb rmsLine
(hh mm ss.ss) (dd ′′ ′′′′.′′) (mK) (mK) (mK) (mK)
LSB USB
W33 Main1 18 14 25.39 −17 54 00.6 13 11 240 330
W33 A1 18 14 36.10 −17 55 03.0 16 9 250 340
W33 B1 18 14 07.07 −18 00 44.7 14 9 250 330
W33 B 18 13 54.33 −18 01 51.7 26 18 240 310
W33 A 18 14 39.00 −17 52 05.0 35 13 150 110
W33 Main 18 14 13.72 −17 55 43.6 31 126 260 350
Notes. (a) In this table and in the rest of this publication, the W33 sources are sorted along the evolutionary sequence that is established in Sects.
5, 6, and 8. (b) The conversion factor from mJy beam−1 to mK is 1.8.
2.4. Additional data sets
To construct spectral energy distributions of the clumps in the
W33 complex, we used observations from the Midcourse Space
Experiment (MSX) survey (Price et al. 2001) at 8.3, 12.1, 14.7,
and 21.3 µm, the Herschel infrared Galactic plane survey (Hi-
GAL, Molinari et al. 2010) at 70, 160, 250, 350, and 500 µm, and
the ATLASGAL survey (Schuller et al. 2009) at 870 µm. The
resolutions and sensitivities of the different surveys are listed in
Table 4.
Additional infrared observations of the W33 complex were
obtained from the Spitzer/GLIMPSE survey, which were con-
ducted at 3.6, 4.5, 5.8, and 8.0 µm with the InfraRed Array Cam-
era (IRAC) with a resolution of < 2′′.
To look for supernova remnants in W33, tracing a former
generation of high-mass star formation, we used a 330 MHz map
taken with the Very Large Array (VLA) in B, C, and D config-
uration by Brogan et al. (2006). The observations have a spatial
resolution of 42′′ and an rms of ∼5 mJy beam−1.
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Table 4: Resolutions and sensitivities of the infrared to submillimeter observations that were used for the construction of the SEDs
in Sect. 4.
Survey Telescope/Instrument Wavelength [µm] Resolution [′′] Sensitivity
MSX MSX 8.3 18.3 1 MJy sr−1
MSX MSX 12.1 18.3 16 MJy sr−1
MSX MSX 14.7 18.3 11 MJy sr−1
MSX MSX 21.3 18.3 35 MJy sr−1
Hi-GAL Herschel/PACS 70 9.0a 20.2 mJy beam−1b
Hi-GAL Herschel/PACS 160 13.5a 45.2 mJy beam−1b
Hi-GAL Herschel/SPIRE 250 18.1c 12.1 mJy beam−1b
Hi-GAL Herschel/SPIRE 350 25.2c 10.0 mJy beam−1b
Hi-GAL Herschel/SPIRE 500 36.6c 14.4 mJy beam−1b
ATLASGAL APEX/LABOCA 870 19.2 40−60 mJy beam−1
Notes. (a) Poglitsch et al. (2010) (b) Spectral and Photometric Imaging Receiver (SPIRE) Photodetector Array Camera and Spectrometer (PACS)
Parallel Mode Observers’ Manual (http://herschel.esac.esa.int/Docs/PMODE/html/parallel_om.html) (c) Griffin et al. (2010)
3. Kinematics in the W33 complex
From proper motion measurements of water masers in W33 B,
W33 A, and W33 Main, Immer et al. (2013) showed that W33 A
is moving tangentially to W33 Main in the plane of the sky with
a total speed of 17 km s−1. The radial velocities of W33 B and
W33 Main differ by 22 km s−1. In the plane of the sky, W33 B
moves with a velocity of 22 km s−1 relative to W33 Main, yield-
ing a total speed of 31 km s−1 of W33 B relative to W33 Main.
To determine if W33 A and W33 B are gravitationally bound
to W33 Main, we compare the gravitational and kinetic energies
of the clumps. Using the projected distances between W33 Main
and W33 A and W33 Main and W33 B, respectively, and our
mass estimate for W33 Main of 3965 M (see Sect. 4), we esti-
mate the escape speed needed to leave the gravitational field of
W33 Main. For a projected distance of 5.5 pc between W33 B
and W33 Main and 4.9 pc between W33 A and W33 Main, we
calculate values of 2.5 and 2.6 km s−1 for the escape speed. The
total speed of W33 B and W33 A are larger than these values.
We conclude that both clumps are not gravitationally bound to
W33 Main and thus, the large clumps in the W33 complex drift
apart with time. However, these results have to be checked care-
fully with better determined masses of the clumps.
4. Dust temperatures and cloud masses
To determine the dust temperatures of the six W33 clumps, we
fit the spectral energy distributions (SEDs) of the clumps with
two-component grey-body and black-body models. The SEDs
are constructed from infrared maps of the MSX and the Her-
schel/Hi-GAL surveys and the submillimeter ATLASGAL map,
covering a wavelength range of 8−870 µm. For all wavelengths,
we chose the same circular aperture over which the emission
was integrated. The radius of the aperture was selected to cor-
respond to the deconvolved radius of the clumps in the ATLAS-
GAL compact source catalog (Contreras et al. 2013, Column 2
in Table 5). To estimate the background emission at all wave-
lengths, we integrated the emission in apertures with a radius of
40′′ at 20 positions around the W33 complex. Then, we aver-
aged these values and subtracted the background emission from
the total emission of each clump at each wavelength, following
formula 1 of Anderson et al. (2012). To account for the intrin-
sic instrument error and the source extraction uncertainties, we
assumed uncertainties of 20% for flux densities at wavelengths
longer than 14 µm. Since the broad-bands of the MSX receivers
at 8 and 12 µm often show emission/absorption features due to
polycyclic aromatic hydrocarbons, very small grains, and sili-
cates (e.g. Churchwell et al. 2009), we increased the flux uncer-
tainties to 50%. However, from the photometry at 14 and 20
µm, it is clear that a warm component is needed to fit the short-
wavelengths part of the SEDs (Fig. 2).
Thus, the generated SEDs are fitted with a “cold” plus a
“warm” component. The detection of two temperature compo-
nents suggests that all six clumps have a heating source inside
or nearby. The cold and the warm components were then fitted
with a two-component model, fitting a grey-body and a black
body simultaneously. From the fits, we determine the bolomet-
ric luminosities, the warm and cold temperatures of the clumps,
and the spectral emissivity index β. The uncertainties of the fit-
ting parameters are calculated from the covariance matrix, which
is returned from the Levenberg-Marquardt fitting algorithm. The
SED fits are shown in Fig. 2. The cold temperatures and lumi-
nosities are listed in Table 5 (Columns 6−7). The cold tempera-
tures range between 25 and 43 K with the highest values of Tcold
being estimated for W33 Main and W33 B1. While the tempera-
tures of both components are similar for all sources, the luminos-
ity covers a wide range of values from 6 · 103 L in W33 A1 to
4.5 · 105 L in W33 Main. The total bolometric luminosity of the
W33 complex is 5.5 · 105 L which is only slightly smaller than
the revised value (8 · 105 L) of Stier et al. (1984). The spec-
tral emissivity index quantifies the frequency-dependence of the
emissivity in the Rayleigh-Jeans part of the spectrum (Dent et al.
1998). This parameter ranges from 1.2 to 1.9 and shows no clear
trend with the evolutionary stage of the clump.
The masses and column densities estimated for the warm
component have large uncertainties and their contribution to the
total masses and column densities is only a couple percent, com-
pared to the cold component. We thus neglected its contribution
in the following calculations. Assuming no temperature gradi-
ent, the total mass of a clump is given by
Mtot
M
=
2.0 · 10−2
Jν(Tcold)
a
0.1 µm
ρ
3 g cm−3
R
100
Fν,source
Jy
(
d
kpc
)2 (
ν
1.2 THz
)−3−β
(Hildebrand 1983; Beuther et al. 2005a), where
Jν(Tcold) = exp
(
hν
kTcold
)
− 1.
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Fig. 2: SED fits of the six clumps W33 Main1, W33 A1, W33 B1, W33 B, W33 A, and W33 Main.
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The column density, averaged over the whole clump, can be cal-
culated with (e.g. Beuther et al. 2005a; Kauffmann et al. 2008)
NH2
cm−2
=
1.25 · 1012
ΩS Jν(Tcold)
a
0.1 µm
ρ
3 g cm−3
R
100
Fν,source
Jy
(
ν
1.2 THz
)−3−β
.
In both formulas, a is the grain size normalisation constant, ρ
the grain mass density, R the gas-to-dust ratio, Fν,source the flux
density at 345 GHz integrated over the whole clump, d the dis-
tance, ν the frequency of the observations (345 GHz), β the spec-
tral emissivity index, and ΩS the source solid angle at 345 GHz.
These calculations correspond to a mass absorption coefficient κ
of 0.852 (β = 1.8) − 2.296 cm2 g−1 (β = 1.2) at 870 µm, depend-
ing on the value of the spectral emissivity index β. The peak
column density was estimated by substituting Fν,source with the
peak flux density of each clump and ΩS with the beam solid an-
gle of the APEX telescope at 870 µm. To derive the molecular
abundances in Sect. 7, we have to estimate the H2 column den-
sities from the same area as the column densities of the APEX
data, which are averaged over an area of 24′′ x 24′′. Thus, we
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integrated the flux density over this area and replaced ΩS with
the solid angle of this area.
To determine the flux densities of the sources at 870 µm, we
integrated the continuum emission of each clump down to the
5 σ level (=0.35 Jy beam−1). The area over which the emission
was integrated was then translated into the source solid angle
ΩS and an equivalent radius requiv for each clump. For the gas-
to-dust ratio, the grain size normalisation constant, and the grain
mass density, we assumed typical values of 100, 0.1 µm, and
3 g cm−3, respectively (e.g. Hildebrand 1983; Kauffmann et al.
2008). The distance to the W33 complex is 2.4 kpc (Immer et al.
2013). Table 5 lists the source names (Column 1), the aperture
radii (Column 2), equivalent radii (Column 3), the peak flux den-
sities at 870 µm (Column 4), the integrated flux densities at 870
µm over an area of 24′′ x 24′′ (Column 5) and the whole source
(Column 6), the dust temperatures of the cold component (Col-
umn 7), the luminosities of the clumps (Column 8), the spectral
emissivity index β (Column 9), the total masses of the clumps
(Column 10), the peak column densities (Column 11), and the
column densities averaged over an area of 24′′ x 24′′ around the
peak position of each clump (Column 12) and over the whole
source (Column 13). For the uncertainties of the flux densities
integrated over an area of 24′′ x 24′′ and the whole source, and
the peak flux densities, we assume a value of 15%.
Since W33 Main contains an H ii region, part of the emission
at 345 GHz possibly originates in free-free emission. To approx-
imate this fraction, we first obtained an estimate of the radio flux
density of W33 Main. Summing the emission of compact com-
ponents in W33 Main detected by Haschick & Ho (1983) yields
a flux density of 23.9 Jy at 14.7 GHz. Assuming a typical spec-
tral index of α = −0.1 between 14.7 and 345 GHz, we estimate
a flux density of ∼18 Jy at 345 GHz, originating from free-free
emission, which corresponds to 5% of the total flux density at
345 GHz.
The total masses of the clumps range from 195 M for
W33 B1 to 3965 M for W33 Main, yielding a total mass of the
W33 complex of ∼10200 M. Overall, the sources follow the
trend of increasing luminosity with increasing total mass except
W33 B1, which shows a comparably small total mass that can
partly be explained by the higher dust temperature. The source-
averaged column densities range between 1.2 and 5.4 · 1022 cm−2
but do not show a trend with the evolutionary state of the clump,
which indicates that we probe similar material in the sources
as was also recently seen in Hoq et al. (2013). However, the
peak column density is correlated with the evolutionary stage of
the targets, being largest in the most evolved source W33 Main.
Thus, the substructure with the highest peak column density is
formed from the most massive clump. In addition, the most mas-
sive clump (W33 Main) cannot have formed very late compared
to the other clumps since it is the most evolved source in the
sample.
Kauffmann & Pillai (2010) recently proposed an empirical
limit for high-mass star formation in molecular clumps, compar-
ing the total mass of the clump m(r) with its radius r:
m(r) > 870 ·M
(
r
pc
)1.33
.
Inserting the total mass and the radii from Table 5 in this for-
mula, we conclude that all W33 clumps fulfill this criterion
within the mass uncertainties and thus, in principle, have the po-
tential to form high-mass stars.
5. Results of the APEX observations
The spectral lines in the APEX spectra (Figs. 3 and 4) were iden-
tified, using the Cologne Database for Molecular Spectroscopy
catalog (CDMS, Müller et al. 2001), the Jet Propulsion Labora-
tory spectral line catalog (JPL, Pickett et al. 1998), and the splat-
alogue catalog (Remijan et al. 2007). In Table A.1 in the online
Appendix, the rest frequency (Column 1), the transition (Column
2), and the upper energy level Eu (Column 3) of each detected
spectral line are listed. In total, we observed 27 transitions of
the ten molecules CH3OH, H2CS, N2H+, OCS, H2CO, H132 CO,
HC3N, CH3CCH, C33S, and CS. The upper energy levels Eu of
these transitions range between 27 and 241 K. All detected spec-
tral lines show Gaussian line profiles. We fitted them with sin-
gle Gaussians to obtain the velocity integrated intensity FInt., the
peak intensity FPeak, the central velocity vcentral, and the FWHM
of each line in each source. The fitting results are shown in Ta-
ble A.1. We made moment 0 maps of each line in each source
(Figs. A.1 − A.6 in the online appendix) to study the distribu-
tion of the line emission over the entire OTF maps and compare
them to the location of the ATLASGAL continuum peaks at 870
µm. The spectra and moment maps of the W33 sources are dis-
cussed in detail in online Appendix A. In the next paragraph, we
will summarize the source-specific APEX results. In some of the
APEX spectra, absorption features are present (see for example
the spectra of W33 A1 in Fig. 3). These are not “real” features
but are caused by poorly calibrated atmospheric absorption. We
marked the atmospheric bands within our frequency range in the
spectra of Figs. 3 and 4.
The transitions N2H+(3−2), H2CO(41,4−31,3),
H2CO(40,4−30,3), H2CO(42,3−32,2), H2CO(43,2−33,1) and
H2CO(43,1−33,0) (which are blended), H2CO(42,2−32,1),
CH3OH(6-2,5–5-2,4) and CH3OH(62,4–52,4) (which are blended),
CH3OH(61,5−51,4), and CS(6−5) are detected in all sources. CS
and N2H+ trace cold and dense gas in the clumps. The strongest
lines in all sources are the two low-excitation transitions of
H2CO at 35 and 46 K, N2H+(3−2), and CS(6−5). The least
number of transitions (see above) are detected in W33 Main1
(Fig. 3). The spatial distribution of the spectral line emission
hints to a cold interior of W33 Main1 and possibly an external
heating source in the vicinity of W33 Main1. In W33 A1 and
W33 B1, two additional CH3OH transitions, compared to the
lines detected in W33 Main1, are observed (Fig. 3). The spatial
distribution of the emission of the high-excitation lines of H2CO
and CH3OH indicate the presence of heating sources in W33 A1
and W33 B1. The object W33 A1, however, seems to be less
developed than W33 B1. Besides the molecules detected in
W33 A1 and W33 B1, we observe emission from H2CS, C33S,
and OCS in W33 B and W33 A and additionally HC3N and
CH3CCH in W33 A (Fig. 4). The detection of transitions at
higher excitation energies and stronger spectral lines compared
to W33 A1 and W33 B1 suggests that W33 B and W33 A
are more evolved than W33 B1 and W33 A1. The spectra of
W33 Main are the most line-rich of the six sources (Fig. 4). The
emission of the cold gas tracers CS and N2H+ peaks offset the
continuum emission, indicating that the gas towards the center
of W33 Main is not cold anymore.
Following these results, we sort the W33 sources along an
evolutionary sequence: W33 Main1, W33 A1, W33 B1, W33 B,
W33 A, and W33 Main. The more evolved sources emit tran-
sitions with higher excitation energies, which indicate that the
temperature in our sources increases along this sequence. Fur-
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Table 5: Source parameters of the six W33 clumps derived from continuum observations at 870 µm.
Clump raperture requiv Fpeaka F24′′ a Fsourcea Tcold Lbol β Msource NH2 ,peak NH2 ,24′′ NH2 ,source
(′′)/(pc) (′′)/(pc) (Jy) (Jy) (Jy) (K) (103 L) (103 M) (1023 cm−2) (1023 cm−2) (1022 cm−2)
W33 Main1 58/0.7 53/0.6 3.4 4.0 21.3 28.6 ± 5.6 11 1.4 ± 0.5 0.5 ± 0.3 0.9 ± 0.2 0.7 ± 0.2 2.4 ± 0.7
W33 A1 40/0.5 32/0.4 3.2 3.9 8.6 25.0 ± 7.3 6 1.8 ± 0.9 0.4 ± 0.5 1.7 ± 0.6 1.2 ± 0.4 5.4 ± 2.3
W33 B1 49/0.6 48/0.6 3.1 3.4 14.8 38.6 ± 11.4 16 1.3 ± 0.5 0.2 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 1.2 ± 0.5
W33 B 75/0.9 86/1.0 5.4 6.6 60.7 26.5 ± 3.9 22 1.6 ± 0.4 1.9 ± 1.1 2.1 ± 0.5 1.6 ± 0.4 3.7 ± 0.9
W33 A 82/1.0 128/1.5 9.2 11.2 153.4 28.6 ± 5.3 41 1.4 ± 0.5 3.4 ± 2.3 2.5 ± 0.6 2.0 ± 0.6 3.0 ± 0.9
W33 Main 102/1.2 126/1.5 36.5 43.9 383.4b 42.5 ± 12.6 449 1.2 ± 0.4 4.0 ± 2.5 4.6 ± 1.6 3.6 ± 1.4 3.8 ± 1.5
Notes. (a) Assumed uncertainty: 15% (b) ∼18 Jy from free-free emission
Column 1: clump name; Column 2: radius of the aperture, used for photometry; Column 3: equivalent radius, characterising the clump area at the
5σ level; Column 4: peak flux density; Column 5: flux density, integrated over an area of 24′′ x 24′′; Column 6: flux density of the whole clump;
Column 7: temperature of the cold component; Column 8: bolometric luminosity; Column 9: spectral emissivity index β; Column 10: total mass
of the clump; Column 11: H2 peak column density; Column 12: H2 column density over an area of 24′′ x 24′′; Column 13: H2 column density of
the whole clump
thermore, the detected lines tend to get stronger and broader
along this sequence. Sanhueza et al. (2012) showed that the
median values of the N2H+ line widths for their four classes of
objects increases from 2.7 to 3.4 km s−1 along their established
evolutionary sequence from IRDCs to H ii regions (also seen in
Sakai et al. 2008; Vasyunina et al. 2011) due to the increase of
turbulence during the star formation process. We see a similar
trend in our observations, but the line widths of the N2H+ transi-
tion are larger than the values of Sanhueza et al. (2012) ranging
from 4.7 to 6.4 km s−1 compared to 1.6 to 4.6 km s−1 in the
observations of Sanhueza et al. (2012).
Chemical clocks in the APEX data? A total of 11 transitions
of the molecules N2H+, CS, H2CO, and CH3OH are observed
in all six W33 clumps. While the detection of single transi-
tions does not yield information about the evolutionary state of
a clump, abundance or integrated intensity ratios of molecules
(e.g. SiO/CS, HCN/N2H+, or NH3/N2H+, Fuente et al. 2005;
Palau et al. 2007) have proven to be usable as “chemical clocks”
for evolutionary stages. Since the emission of the above men-
tioned molecules has a similar spatial distribution in each of the
six clumps, a comparison of the integrated intensity of the dif-
ferent transitions is reasonable. To test if a combination of the
above mentioned molecules could be used as a tracer of evolu-
tionary state, we calculated the integrated intensity ratios of all
combinations of transitions that are detected towards all W33
clumps and checked their correlations with the evolutionary se-
quence that we established.
We found clear trends as a function of evolu-
tionary stage in the ratios N2H+(3−2)/CS(6−5) and
N2H+(3−2)/H2CO(42,2−32,1) (Fig. 5a). The N2H+ and CS
molecules both trace cold and dense gas in the clumps while
the H2CO molecule is released from the dust grains, once the
protostars starts to warm up the material. However, to determine
if these two integrated intensity ratios can be reliably used as
chemical clocks, they have to be tested on a larger sample of
star forming regions in different stages of evolution.
Both integrated intensity ratios are the largest in W33 Main1.
Plotting the two integrated intensity ratios against the bolometric
luminosities (Fig. 5b), the total masses (Fig. 5c), the bolometric
luminosity to total mass ratio (Fig. 5d), and the H2 peak column
densities (Fig. 5e) of our six targets, we see clear trends of first
increasing and then decreasing integrated intensity ratios with
increasing luminosity, luminosity to mass ratio, and peak col-
umn density. Especially for sources with total clump masses ≥
500 M, the integrated intensity ratios consistently decrease with
increasing luminosity, mass, and peak column density. Compar-
ing Fig. 5a with Fig. 5e shows that sources with higher peak col-
umn densities also look more chemically and physically evolved.
This supports the assumption that sources with high peak column
densities form stars earlier (see Section 4). The clump W33 B1 is
an exception; however, its evolutionary state may be influenced
by the exterior illumination from the star cluster SC-1. In spite
of its low luminosity, W33 A1 appears more chemically evolved
than W33 Main1 and W33 B1, which may be explained by the
higher peak column density of W33 A1 and thus a faster/earlier
formation of OB stars in this clump.
6. Results of the SMA observations
6.1. 230 GHz continuum emission
Figure 6 shows the 230 GHz continuum emission of the six
W33 sources W33 Main1, W33 A1, W33 B1, W33 B, W33 A,
and W33 Main, as observed with the SMA. Except for W33 A
and W33 Main, the dust cores are single-peaked (at physical
scales of 0.1 pc). The object W33 B1 is the only source that
is nearly circular. The other sources are elongated along one
axis. The cores have sizes of about 0.1 pc. The dust emission of
W33 Main shows two peaks in the main core, which has a size of
about 0.25 pc. Surrounding the main core, several smaller cores
with weaker emission are observed. The image of W33 A was
obtained from a combination of the SMA observations in com-
pact and very extended configuration of Galván-Madrid et al.
(2010). For a better comparison with our SMA observations,
the image was cleaned with natural weighting, which yields a
synthesised beam size of 2.6′′ x 2.0′′. The continuum emission
shows two peaks within one core. The core has a size of ∼0.15
pc.
The left and right panels of Fig. 7 show the continuum emis-
sion of W33 Main at 230 and 345 GHz. The contours correspond
to the dust emission at 230 GHz with the same levels as in the
sixth panel of Fig. 6. Several emission peaks are detected in
the main core of W33 Main in the 345 GHz map. Outside of
the main core, three more cores are detected at both frequen-
cies, which we name W33 Main-North, W33 Main-West, and
W33 Main-South. In the following text, we refer to the main
core as W33 Main-Central.
6.2. 230 GHz line emission
We generated spectra of all six cores by integrating the emis-
sion over one synthesised beam at the 230 GHz continuum peak
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Fig. 3: APEX spectra generated over an area of 24′′ x 24′′ in W33 Main1, W33 A1, and W33 B1. The grey areas mark atmospheric
bands in the APEX spectra that were not completely removed by our calibration.
positions (Figs. 8 and 9). In W33 Main, we obtained the spec-
trum at the position of the stronger peak in W33 Main−Central.
We again used the CDMS, JPL, and splatalogue catalogs for the
spectral line identification. The detected transitions are listed
in Table B.1 in the online appendix. In total, we observed 52
transitions of the 16 molecules SiO, SO, 12CO and its isotopo-
logues 13CO and C18O; the deuterated species DCN; the dense
gas tracer 13CS; the dense and hot gas tracers CH3OH, H2CO
and its isotopologue H213CO, CH3CN, HNCO, OCS; and HC3N,
CH3OCHO, and CH3OCH3. The detected transitions have up-
per energy levels Eu between 16 and 579 K. Again, the lines
with a Gaussian line profile are fitted with single Gaussians to
obtain the same line parameters as in Sect. 5. Moment 0 maps
(Figs. B.1 − B.5 in the online appendix) were generated for all
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Fig. 4: APEX spectra generated over an area of 24′′ x 24′′ in W33 B, W33 A, and W33 Main. The grey areas mark atmospheric
bands in the APEX spectra that were not completely removed by our calibration.
transitions. Moment 1 maps, showing a velocity gradient, are
presented in Fig. B.6 in the online appendix.
As described in Section 1, accretion disks and outflows are
found during a certain period of the star formation process. Since
the spatial resolution of our observations is too coarse to resolve
the accretion disk, we are looking for outflow signatures to char-
acterise these evolutionary stages in our sample. Furthermore,
velocity gradients, detected in the moment 1 maps of the spec-
tral emission, can give hints to rotation, infall or expansion of
material (Fig. B.6). Since the emission of the CO lines is the
most widespread, it is affected the most by the lack of short-
spacing information. Thus, the identification and interpretation
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Fig. 5: Integrated intensity ratios N2H+(3−2)/CS(6−5) and N2H+(3−2)/H2CO(42,2−32,1) plotted versus (a) the evolutionary se-
quence of the six W33 source, (b) their bolometric luminosities, (c) their total masses, (d) their bolometric luminosity to total mass
ratio Lbol/M, and (e) their H2 peak column densities. The latter ratio is divided by 10 to be plotted in the same range as the former
ratio.
(a) Evolutionary State (b) Bolometric luminosity Lbol
(c) Total mass M (d) Lbol/M
(e) H2 peak column density
of outflows and velocity gradients in the moment 0 and 1 maps
of the CO lines is complicated (Fig. B.7).
Comparing the SMA and the IRAM30m+SMA data of
W33 Main (see Fig. B.8 and the associated discussion in Online-
Appendix B), we estimated the fraction of the missing flux for
the 13CO and C18O molecules due to the spatial filtering of the
interferometer. We integrated the moment 0 maps in Fig. B.8
over one beam at the continuum peak position of W33 Main-
Central and then took the ratio of the obtained values, yielding
fractions of interferometer flux to total flux of ∼20% and ∼40%
for 13CO and C18O, respectively.
In the following paragraph, we summarise the source-
specific SMA results. A detailed description of the detected
molecules in the W33 sources is given in online Appendix B.
The object W33 Main1 is again the source with the least number
of detected spectral lines (Fig. 8). The lack of spectral lines be-
sides CO and SO transitions either indicates low temperatures in
the dust core or the emission of more complex molecules is not
compact enough to be detected with the SMA, which both hint
to a very early evolutionary age of W33 Main1. We conclude
that W33 Main1 is probably in an early protostellar phase before
the protostar strongly influences the surrounding material and
strong emission of primary molecules like H2CO and CH3OH
is detected. Besides CO and SO transitions, emission of H2CO
and CH3OH is observed in W33 A1 and W33 B1 (Fig. 8). The
higher-energy transitions of these two molecules hint to the pres-
ence of heating sources in both clumps. However, since we do
not see the line-richness of hot cores in these cores, we conclude
that both sources are young protostellar cores. The object W33 B
is one of the most line-rich sources of the six W33 cores (Fig.
9). The detection of complex molecules like CH3CN, HNCO,
HC3CN, CH3OCHO or CH3OCH3 indicates that W33 B is in
the hot core stage. In W33 A, we observe CH3OH, CH3OCHO,
and CH3OCH3 transitions at higher excitation energies as in
W33 B (Fig. 9), indicating that W33 A is more evolved than
W33 B. The variety of detected molecules (including complex
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Fig. 6: 230 GHz continuum maps of W33 Main1, W33 A1, W33 B1, W33 B, W33 A, and W33 Main. The black contours are at −4,
−2, 2, 4, 8, ... · σ (1σ = 6, 5, 5, 10, 5, and 70 mJy beam−1). Negative contours are shown with a dashed line. The map of W33 A
was obtained from Galván-Madrid et al. (2010). The synthesised beams are shown in the lower left corners of the images. In the
upper left corners, a 0.1 pc scale is indicated. For comparison, the white contours show the ATLASGAL continuum emission at 345
GHz (same levels as in Figs. A.1 − A.6).
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Fig. 7: 230 (left) and 345 (right) GHz continuum maps of W33 Main. The black contours show the 230 GHz emission (same
contour levels as in Fig. 6, sixth panel). The synthesised beams are indicated by the ellipses in the lower left corners. In the upper
left corners, a 0.1 pc scale is indicated. As in Fig. 6, the white contours show the ATLASGAL continuum emission at 345 GHz.
molecules) and the high temperature needed for the excitation of
the high-energy transitions supports the identification of W33 A
as a hot core. Compared to W33 B and W33 A, the spectrum
of W33 Main shows significantly fewer spectral lines (Fig. 9).
The object W33 Main is the only source in our SMA sample
that shows emission of the radio recombination line H30α, sup-
porting the identification of W33 Main as a more evolved object
where ionised emission of H ii regions(s) is observed.
7. Gas temperatures and column densities
In this section, we determine gas temperatures and column den-
sities of molecules for which several transitions are detected
in the six W33 clumps. We first determine these parameters
with the rotational temperature diagram method and then test
and refine the results by constructing synthetic spectra for the
molecules and comparing them with the observed spectra.
7.1. Rotational temperature diagrams and Weeds modelling
From molecules for which multiple transitions can be observed,
the rotational temperature and beam-averaged column density of
the molecular material can be estimated using the rotational tem-
perature diagram (RTD) method. Assuming optically thin emis-
sion and local thermodynamic equilibrium (LTE), the observed
line intensities are proportional to the level populations and the
level populations are determined by a single temperature Trot.
The upper level population is given by
Nu =
8pi3kν2
hc3Aul
∫
Tbdv, (1)
where Aul is the Einstein coefficient of the transition (see the de-
tailed description of this method in Goldsmith & Langer 1999).
In LTE,
ln
Nu
gu
= ln
Ntot
Q(Trot)
− Eu
k
1
Trot
, (2)
where gu is the statistical weight of the upper level, Q(Trot) the
partition function, and Ntot the total number column density.
Weeds is an extension of the CLASS software, which be-
longs to the GILDAS package (Maret et al. 2011). It is mostly
written in Python. If several transitions of a given species are
detected, Weeds permits the computation of a synthetic spec-
trum to inspect if the relative intensities of the transitions agree
with a single excitation temperature. The synthesised spectrum
is constructed under the assumption of LTE conditions in the gas.
The advantage of Weeds compared to the rotational temperature
diagram method is that the modelling directly includes opacity
effects and that the synthetic spectrum can directly be compared
to the observed spectrum. To compute a synthetic spectrum, the
user has to provide a text file including the name of the modeled
species, the column density, the kinetic temperature, source size,
and line width. In the optically thin case, the column density and
the source size are degenerate.
If the source size is smaller than the beam, beam dilution oc-
curs, which affects the line intensity and thus the estimated col-
umn densities. Since the transitions of the molecules for which
we determined the column densities are detected at different fre-
quencies, the beam size of the observations changes slightly (e.g.
from 21.3′′ to 22.2′′ for the APEX observations of H2CO). Thus,
the column densities that are determined from the synthetic spec-
tra are beam-averaged over the smallest observed beam size per
molecule (21.3′′ for H2CO and CH3OH, 21.5′′ for CH3CCH, 5′′
for the SMA observations). For the transitions that are observed
with a larger beam, a beam dilution factor is taken into account.
A smaller beam dilution factor results in a higher column den-
sity. Thus, the estimated column densities are only lower limits.
As initial parameters for the construction of the synthetic
spectra, we used the temperatures and column densities, deter-
mined from the RTD fitting. The line width was determined from
the average of the FWHMs of the detected transitions. If the
synthetic spectra, computed from the RTD results, did not yield
a good fit of the observed spectra, we changed the temperature
and column density until we reached a good fit to the strongest
Article number, page 14 of 66
K. Immer et al.: W33
Fig. 8: SMA spectra generated at the continuum peak positions of W33 Main1, W33 A1, and W33 B1.
transitions by eye. Since the column densities from the RTD fit-
ting have larger uncertainties than the determined temperatures,
we tried to keep the input temperature for the synthetic spectrum
close to the RTD temperature. Due to uncertainties in the source
size and possible temperature substructures, the synthetic spectra
only give an estimate of the temperature and column density of
the material but do not yield a perfect fit of the observed spectra.
A detailed description of the Weeds modelling of the APEX and
SMA spectra of the W33 sources is given in online Appendix C.
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Fig. 9: SMA spectra generated at the continuum peak positions of W33 B, W33 A, and W33 Main.
APEX observations Since we observe the H2CO transitions in
the APEX spectra of all six W33 sources and they span a broad
range of upper energy levels from 35 to 141 K, we first calculated
the level populations for these transitions from the observed inte-
grated intensities, using equation 1 and assuming that the beam
filling factor for the APEX data is unity. Then, we plotted the
results in RTDs (Fig. 10). We also tried to fit the CH3OH tran-
sitions in RTDs but the level populations in W33 B, W33 B1,
W33 A1, and W33 A did not fall along a line in the RTDs. This
indicates that either the assumption of optically thin gas or LTE
does not apply for CH3OH or that the CH3OH emission has a
temperature substructure in these sources. In the CH3OH-RTD
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Fig. 10: Rotational temperature diagrams (RTDs) of the six W33 sources from the APEX observations.
(a) RTD of H2CO in W33 Main1 (b) RTD of H2CO in W33 A1
(c) RTD of H2CO in W33 B1 (d) RTD of H2CO in W33 B
(e) RTD of H2CO in W33 A (f) RTD of H2CO in W33 Main
(g) RTD of CH3OH in W33 Main (h) RTD of CH3CCH in W33 Main
of W33 Main (Fig. 10g), the transition at 86 K was ignored in
the fitting due to the strong difference of the level population
compared to the other CH3OH transitions. We also generated an
RTD for the CH3CCH transitions detected in W33 Main and fit-
ted the level populations (Fig. 10h).The temperatures (Column
3) and total column densities (Column 4) are listed in Table 6.
The Weeds modelling results (Columns 5, 6 in Table 6) show
that we need a cold and a warm component to fit the H2CO
spectral lines well for all sources except W33 Main1. In all five
sources, the warm component has a higher column density than
the cold component, indicating that it is excited closer to the
center of the core assuming a density gradient from the outer
area to the center of the core. Since we estimate high tempera-
tures for the warm component in W33 B1, W33 B, W33 A, and
W33 Main, we expect the existence of a heating source in these
cores. The temperatures and column densities of both com-
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Table 6: Gas temperatures T and column densities Ntot from RTDs and Weeds modelling of the APEX (upper part) and SMA (lower
part) spectra. The molecular abundances were calculated from the ratio of the column densities of the molecule and the H2 column
densities NH2,24′′ .
RTD Weeds
Source Molecule T Ntot Abundance T Ntot
(K) (1013 cm−2) (10−10) (K) (1013 cm−2)
W33 Main1 H2CO 39 1.4 2.0 40 3.4
W33 A1 H2CO 52 2.2 1.9 30 2
W33 A1 H2CO 55 2.5
W33 B1 H2CO 63 3.1 8.7 30 2
W33 B1 H2CO 60 2.5
W33 B H2CO 98 5.5 3.4 30 2.3
W33 B H2CO 100 5.9
W33 A H2CO 96 16.1 8.2 40 9
W33 A H2CO 100 16
W33 Main H2CO 80 31.8 8.7 50 20.0
W33 Main H2CO 100 42.0
W33 Main CH3OH 61 116 31.9 40 130
W33 Main CH3CCH 59 159.6 43.9 59 340
W33 B HNCO 351 161.3 280 250
W33 B CH3CN 335 83.1 350 300
W33 B CH3OH 219 4194.3 350 300
ponents increase from W33 Main1 to W33 Main (see Table 6),
supporting the sorting of the sources along the evolutionary se-
quence that we established in Sects. 5 and 6.
To determine the abundances of H2CO in all sources as well
as CH3OH and CH3CCH in W33 Main, we calculated the ratio
of the molecular column densities and the H2 column densities
over an area of 24′′ x 24′′ (NH2,24′′ ; see Sect. 4, Column 5 in
Table 6). The obtained abundances for H2CO are consistent with
other chemical studies (e.g. Vasyunina et al. 2014; Gerner et al.
2014). The CH3CCH and CH3OH abundances in W33 Main are
similar to the values determined towards this source (Miettinen
et al. 2006) and towards other star forming regions (e.g. Alakoz
et al. 2000; van der Tak et al. 2000; Vasyunina et al. 2014; Gerner
et al. 2014). Except for W33 B1, the H2CO abundances seem to
increase along the evolutionary sequence, which would support
an increasing release of this molecule from the dust grains during
the evolution of the star forming region. A similar trend was seen
in the chemical study of Gerner et al. (2014).
SMA observations In the SMA spectra, H2CO is the only
molecule with multiple transitions that is detected towards all
sources. However, two of these three transitions are at the same
upper energy level, and we decided to use the RTD method only
for molecules with transitions at more than two different upper
energy levels. We tried to compute synthetic spectra from one
component for the H2CO transitions, but it was not possible to
fit all transitions well, indicating that several components are
needed for the modelling or that the assumption of LTE is not
valid for the H2CO transitions.
In W33 B, we detect multiple transitions of CH3OH, HNCO,
and CH3CN, and we applied the RTD method for these
lines. Figure 11 shows the spectrum of the K = 0...7
CH3CN(12K−11K) ladder in W33 B. The K = 0 and K = 1 tran-
sitions are blended together, and K = 6 and 7 are blended with
emission from other lines. Since the K-transitions are so close
in frequency, they can be fitted simultaneously. We assume that
the K-components have the same line width. To estimate the
line width, we first fitted the K-components 2, 3, 4, and 5 with
Gaussian line profiles, yielding a line width of 7.0 ± 0.5 km s−1.
We then fitted all lines with Gaussian line profiles with fixed fre-
quency spacings and a line width of 7 km s−1 (see Fig. 11). The
integrated intensities of the CH3CN transitions are used to calcu-
late the level populations of the different transitions, which are
then plotted in an RTD (Fig. 12). The least-squares fit to the
level populations yields a rotational temperature of 335 ± 65 K
and a CH3CN column density of 8.3 ± 1.2 · 1014 cm−2.
The RTDs of CH3OH and HNCO are also shown in Fig. 12.
The rotational temperature and column density of HNCO are
similar to the values of CH3CN. The RTD of CH3OH yields a
rotational temperature that is much lower than for HNCO. How-
ever, the CH3OH-RTD shows that a line is not a good fit to the
level populations, especially for transitions at lower excitation
energies, indicating that either the emission is not optically thin,
the CH3OH gas has a temperature substructure, or the assump-
tion of LTE does not apply. In the optically thick case, the ro-
tational temperature is overestimated, and the column density
underestimated. If the emission is optically thin and the gas
has a temperature substructure, the line intensities and, thus, the
column densities might be affected by beam dilution and beam
filling factors have to be applied (see discussion in Sect. 7.1).
The synthetic spectrum of the CH3OH transitions shows that at
least two components are necessary to fit the observed spectrum.
However, we do not find two combinations of temperatures and
column densities that fit all transitions well. Since the opaci-
ties of the synthesised spectra are consistent with optically thin
emission, the bad fits indicate that the CH3OH gas has a more
complex temperature substructure or is not in LTE. Comparing
the RTD results for the APEX and SMA observations of W33 B,
it is clear that the SMA observations trace a hotter and denser
region in the source than the APEX data.
Galván-Madrid et al. (2010) produced an RTD of CH3CN for
W33 A, yielding a rotational temperature of 410 K and a column
density of 3.4 · 1016 cm−2. Although the rotational temperatures
of W33 B and W33 A are comparable within the errors, the col-
umn density of CH3CN in W33 A is a factor of 40 larger than the
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Fig. 11: CH3CN ladder spectrum (continuous line) and Gaussian fits (dashed line) from the SMA observations of W33 B.
Fig. 12: Rotational temperature diagrams of CH3CN, CH3OH, and HNCO from the SMA observations of W33 B.
(a) W33B, CH3CN (b) W33B, CH3OH
(c) W33B, HNCO
column density of CH3CN in W33 B, which might be explained
by a disk-like accretion flow in W33 A, revealed by subarcsec-
ond resolution observations (Galván-Madrid et al. 2010).
8. Chemical diversity in the W33 complex
Studying the chemistry of high-mass star forming regions in a
single star forming complex like W33 has several advantages.
Since all star forming regions belong to the same complex and
probably evolved from the same giant molecular cloud, the pri-
mary material of the birth clouds is similar (w.r.t. metallicity
or initial abundance ratios, for example). Furthermore, the star
forming regions are at very similar distances. Thus, the obser-
vations of each telescope cover the same spatial scales which
makes the observations per telescope directly comparable for the
different star forming regions within the complex. In addition,
missing short spacings in the SMA observations have a similar
effect on the data of all star forming regions, assuming the line
emission is similarly extended in all the sources.
Due to the different resolutions and the filtering of the in-
terferometer data, the APEX and SMA data sets are sensitive to
different physical scales (APEX: > 0.2 pc, SMA: 0.05−0.2 pc).
The APEX observations are sensitive to all the emission from the
clump. However, if the emitting gas is confined to a small region,
and, thus, the emission is very compact, the large APEX beam
dilutes the emission and depending on the strength of the sig-
nal compared to the noise level of the observations the emission
might be undetected. The SMA observations on the contrary
are only sensitive to compact emission while the more extended
emission is resolved out. Thus, with these two data sets, we are
able to trace the chemical composition on different scales in the
star forming regions.
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In W33, the molecular clumps cover a range of bolomet-
ric luminosities from 6−445 · 103 L, and they seem to be in
different evolutionary stages of star formation. Thus, we can
compare the observations for different bolometric luminosities
and along an evolutionary sequence. We first discuss each of
the W33 sources and then draw conclusions about the change of
chemistry along the detected evolutionary sequence.
8.1. Single sources
8.1.1. W33Main1
W33 Main1 seems to be in a very early stage of star formation.
On larger scales (> 0.2 pc), traced by the APEX data, transi-
tions from H2CO and CH3OH up to an upper energy level of
141 K are detected. The Weeds modelling showed that only a
“cold” component of 40 K is needed to fit the H2CO transitions.
However, H2CO and CH3OH are not detected on smaller scales,
traced by the SMA data. Either the medium is too cold and the
molecules are not released yet into the gas phase, or the emis-
sion is too diffuse to be detected with the SMA interferometer.
If a heating source is present in W33 Main1, this suggests that
it does not strongly influence the chemistry yet. The lack of
molecules other than CO (and its isotopologues) and SO sug-
gests that W33 Main1 is in the collapse phase during the forma-
tion of a protostar.
8.1.2. W33A1
The object W33 A1 is the source with the lowest luminosity in
our sample. The chemistry on larger scales looks similar to
W33 Main1 except that two more CH3OH transitions are ob-
served. On smaller scales, we observe low-energy transitions of
H2CO and CH3OH, indicating the presence of a heating source
which evaporates these molecules off the dust grains. The ne-
cessity of a second warmer component in the LTE modelling
supports the existence of a heating source in W33 A1. We also
observe emission of the DCN molecule, which is a tracer of cold
and dense gas. Although W33 A1 is a factor of two less lumi-
nous than W33 Main1, it is probably more evolved. We conclude
that W33 A1 is in the protostellar phase but before the excitation
of a hot core.
8.1.3. W33B1
The object W33 B1 is the clump with the lowest mass in our
sample. The APEX and SMA spectra of W33 B1 look very sim-
ilar to the spectra of W33 A1 but the H2CO gas in W33 B1 seems
to have a slightly higher temperature and column density than in
W33 A1. While the average temperature of W33 B1 measured
by the dust SED is consistent with that of the most evolved re-
gion W33 Main (see Section 4), W33 B1 shows yet weak emis-
sion of hot core tracers, which may imply the dominant heating
by the exterior star cluster rather than the (proto)stars embedded
in this clump. Although the bolometric luminosity of W33 B1
is a factor of three larger than the luminosity of W33 A1, there
are no obvious differences in the SMA or APEX observations
between these two sources, except that the detected lines tend to
be stronger and broader in W33 B1. We conclude that W33 B1 is
also in the protostellar phase before the excitation of a hot core.
8.1.4. W33B
Observations of water, methanol, and hydroxyl masers in W33 B
indicate that high-mass stars are forming in this clump. How-
ever, the APEX spectra of W33 B are comparable to the spectra
of W33 B1 or W33 A1, except that we additionally observe tran-
sitions of OCS, H2CS, and C33S. The compactness of the OCS
emission and the high energy needed to excite the detected tran-
sition suggest that the emission is excited closer to the forming
star at temperatures that are higher than the temperatures traced
by H2CO and CH3OH. The LTE modelling of the APEX data of
W33 B shows that column density and temperature of the enve-
lope are higher than for the previous sources with the tempera-
ture of the warm component reaching ∼100 K.
On smaller scales, W33 B shows a forest of lines. Es-
pecially, nitrogen-bearing molecules like HNCO, CH3CN or
HC3N are detected in the SMA spectra, indicating that W33 B
is already in the hot core phase. However, from more com-
plex molecules, only one transition of CH3OCHO and one
of CH3OCH3 are observed. Other complex molecules like
CH3CH2CN, CH2CHCN, or C2H5OH, as seen in typical hot
cores like Orion-KL, G29.96−0.02, G33.92+0.11 or W49A (e.g.
Beuther et al. 2009; Liu et al. 2012; Galván-Madrid et al. 2013)
are not detected in W33 B.
The temperatures and column densities of W33 B on smaller
scales, inferred from LTE modelling of the SMA data, are much
higher than on larger scales, as deduced from the APEX data,
indicating temperature and column density gradients in W33 B.
8.1.5. W33A
As in W33 B, methanol, water, and hydroxyl masers are de-
tected in W33 A indicating that high-mass star formation is tak-
ing place in this clump. The high-energy transitions of HC3N
and CH3CCH in the APEX data of W33 A reveal that more com-
plex molecules are detected on larger scales. The LTE modelling
shows that the temperatures of the two components are com-
parable to the temperatures in W33 B, but the column densities
are a factor of three higher. In the SMA spectra, many transi-
tions of a large number of simple and complex molecules are
detected with evidence for W33 A being in the hot core phase.
Compared to W33 B, several transitions of complex molecules
like CH3OCHO and CH3OCH3 are observed. As in Gerner
et al. (2014), CH3OCHO is only detected in the hot core phase.
However, also the spectra of W33 A lack emission of complex
molecules that are observed in typical hot cores. Although
W33 A and W33 B have very similar masses, W33 A is twice as
luminous as W33 B. The object W33 A is probably more evolved
than W33 B. Radio continuum observations of W33 A by Ren-
garajan & Ho (1996) and van der Tak & Menten (2005) with
the VLA suggest that the faint emission either comes from an
ionised wind or a hypercompact H ii region in W33 A. This is
evidence for W33 A being more evolved than W33 B, perhaps in
transition from the pure hot core phase to the more evolved H ii
region phase.
8.1.6. W33Main
The object W33 Main is the only source in the W33 complex
that shows strong radio emission, indicating that this source is in
the H ii region phase. Water and Class I methanol masers are ob-
served in W33 Main. The mass and luminosity of W33 Main are
a factor of three and ten higher than for W33 A, respectively. The
APEX spectra of W33 Main are similar to the spectra of W33 A,
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except that we detect higher-energy transitions of CH3CCH and
emission of C33S and H132 CO. In addition, the column density
of the H2CO gas is highest in W33 Main. However, at smaller
scales, we do not detect emission of complex molecules such as
in the hot core sources anymore. The SMA spectra of W33 Main
are similar to the spectra of W33 A1 and W33 B1 plus emis-
sion of HC3N and the radio recombination line H30α, which
traces ionised gas. The molecule HC3N is the only complex
molecule that is detected in W33 Main and it peaks at the edge
of W33 Main-Central. Other complex molecules like CH3CN,
CH3OCHO or CH3OCH3 are either destroyed close to the heat-
ing source or their emission is extended without compact peaks
and thus resolved out by the interferometer observations. We
conclude that W33 Main is already in the H ii region phase.
8.2. Chemical complexity – evolutionary sequence
From our SMA and APEX observations, we infer an evolution-
ary sequence of star formation in W33. We sort the sources in
different groups:
– Early Protostellar Phase (W33 Main1): Cold interior that is
probably still contracting with no strong heating source yet
– Protostellar Phase (W33 A1, W33 B1): Heating source starts
to warm up the surrounding material, releasing primary
molecules from dust grains into gas phase
– Hot Cores (W33 B, W33 A): Heating source strongly influ-
ences the chemistry of the surrounding material with release
of primary molecules from dust grains and synthesis of com-
plex secondary molecules in gas phase
– H ii regions (W33 Main): Heating source ionises the sur-
rounding material, strong radio emission is detectable, and
complex molecules are probably dissociated
Our observations show that the chemistry changes dramat-
ically along this evolutionary sequence, especially on smaller
spatial scales. The detected transitions tend to get stronger
and broader along this sequence in both the SMA and APEX
data sets. The trend of increasing detection rates for different
molecules up to the hot core stage and then decreasing detection
rates in the H ii region phase is also seen in the IRAM 30m line
survey of Gerner et al. (2014).
Our SMA observations suggest that emission of CO and its
isotopologues dominates in early phases of star formation. Once
a heating source is present, H2CO and CH3OH are evaporated
off dust grains. When the temperature in the core rises, more
complex molecules are evaporated off the dust grains or synthe-
sised in the gas phase. Once an H ii region emerges, the more
complex molecules seem to be destroyed by the ionisation or
their emission is too diffuse to be detected by the interferometer.
On larger scales, traced by the APEX observations, the chemi-
cal diversity and complexity increases with the evolution of the
star forming region and complex molecules are still detected in
the H ii region phase. Bisschop et al. (2007) observed a set of
complex molecules in seven different hot cores and showed that
the molecules can be classified as either “hot” (e.g. CH3OH,
H2CO, CH3CN, ..., T > 100 K) or “cold” (e.g. CH3CHO, T <
100 K), depending on their rotational temperatures. Our APEX
and SMA observations of the hot cores W33 B and W33 A sup-
port these results for the molecules H2CO, CH3OH, HNCO,
and CH3CN. Bisschop et al. (2007) concluded that both types
of molecules are probably formed on dust grains, but the cold
molecules tend to be dissociated at higher temperatures. Further-
more, CH3CCH abundances are well-modeled with gas-phase
chemistry only (Bisschop et al. 2007), supporting the identifica-
tion of this molecule as a tracer for more evolved stages as seen
in our APEX observations.
We show the importance of combining spectral information
on different scales. While the APEX data show emission of more
complex molecules for more evolved star forming regions, the
SMA spectra show an increase in chemical complexity up to
the hot core stage but then a decrease in detected molecules in
the H ii region phase. Thus, the sources W33 B and W33 Main
would probably have been classified differently if only one of the
data sets would have been considered.
9. Summary
Infrared, submillimeter, and radio continuum and maser obser-
vations of the high-mass star forming complex W33 show that
it contains star forming regions at different stages of forma-
tion from quiescent clumps to developed H ii regions. The star
forming regions are located at the same distance of 2.4 kpc and
probably consist of similar birth material, making a compara-
tive chemical study along the evolutionary sequence feasible.
We conducted SMA and APEX observations of six molecu-
lar clumps in the W33 complex at 230 and 280 GHz, respec-
tively. In the APEX and SMA data, 27 transitions of ten dif-
ferent molecules and 52 transitions of 16 different molecules,
respectively, were detected from simple molecules, like CO
with widespread emission, to complex molecules, like CH3CCH,
CH3OCHO or CH3OCH3 with compact emission. The two data
sets probe different physical scales. While the APEX data are
sensitive to emission on scales of > 0.2 pc, the SMA data trace
compact emission on smaller scales (∼0.05−0.2 pc), allowing
us to compare the chemical compositions with different reso-
lutions. We established an evolutionary sequence for the ob-
served clumps: W33 Main1, W33 A1/W33 B1, W33 B, W33 A,
and W33 Main, where W33 Main is the most evolved clump.
We constructed SEDs for the six clumps W33 Main1,
W33 A1, W33 B1, W33 B, W33 A, and W33 Main, and deter-
mined dust temperatures, bolometric luminosities, and spectral
emissivity indices, and inferred the total masses of the clumps.
Except for W33 B1, the sources follow the trend of increasing
luminosity with increasing total mass. The H2 peak column den-
sity is correlated with the evolutionary stage of the six clumps,
being the largest in the most evolved source W33 Main.
We plotted the integrated intensity ratios
N2H+(3−2)/CS(6−5) and N2H+(3−2)/H2CO(42,2−32,1) against
the evolutionary state, the luminosity, the total mass, the
luminosity to mass ratio, and the H2 peak column density of
the clouds. These two ratios are the largest in W33 Main1 and
decrease during the evolution of the star forming regions. With
increasing luminosity and peak column density, the ratios first
increase and then decrease again. Our plots indicate that sources
with higher peak column densities look more chemically and
physically evolved.
Generating rotational temperature diagrams and constructing
synthetic spectra with the Weeds software, we estimated gas ro-
tational temperatures, column densities, and abundances of the
H2CO, CH3OH, and CH3CCH molecules from our APEX obser-
vations and HNCO, CH3CN, and CH3OH from the SMA obser-
vations. The synthetic spectra of the H2CO transitions required
a warm and a cold component in the construction for all clumps
except W33 Main1. The temperatures and column densities of
the two components increase along the evolutionary sequence.
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In the early protostellar phase (W33 Main1), the protostar
starts to release primary molecules like H2CO and CH3OH from
the dust grains, which are observed in the APEX spectra. How-
ever, in the SMA data, only low-excitation transitions of CO, its
isotopologues, and SO are detected. Thus, the emission of the
more complex molecules is probably still too diffuse to be de-
tected by the interferometer. Once the protostar becomes more
powerful, it releases more H2CO and CH3OH into the gas phase,
whose emission can then also be detected on small scales. How-
ever, the APEX spectra of the sources in the protostellar phase
(W33 A1, W33 B1) did not change significantly compared to the
spectra of W33 Main1. In the hot core phase (W33 A, W33 B),
the diversity and complexity of the chemical composition in the
SMA spectra changes strongly. The chemistry on larger scales
in the APEX spectra of W33 B and W33 A is more evolved than
in the protostellar phase but does not show the chemical com-
plexity observed on smaller scales in the SMA data. The object
W33 Main is in the H ii region phase. We detected the radio re-
combination line H30α in W33 Main, which traces ionised gas.
The SMA spectra of W33 Main are similar to the spectra of the
sources in the protostellar phase, except for the detection of the
radio recombination line and a transition of HC3N. This indi-
cates that the complex molecules that are observed in the hot
core phase are either destroyed by the H ii region or their emis-
sion is too diffuse to be detected by the SMA. The APEX data of
W33 Main show transitions of complex molecules, which indi-
cates that the destruction of complex molecules has not reached
the larger scales yet.
A study of the kinematics of the W33 complex shows that
W33 A and W33 B are not gravitationally bound to W33 Main
and thus, the larger clumps in the W33 complex will probably
drift apart with time.
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Appendix A: Results of the APEX observations
W33Main1 The detected transitions of W33 Main1 are com-
mon to all six sources and are listed in Sect. 5 (Fig. 3). The up-
per energy levels Eu of the observed transitions range from 27 to
141 K. The average central velocity is 36.4 km s−1 and the aver-
age line width is 3.2 km s−1. The detection of high-energy transi-
tions of H2CO at 82 and 141 K and CH3OH at 64 and 75 K hints
to the existence of a heating source within or near W33 Main1.
The moment 0 maps of these lines (Fig. A.1) show only ex-
tended emission at the position of the continuum peak, while the
peak of the line emission is located close to the edge of the maps,
which point to an external rather than an internal heating source.
The moment 0 maps of the two low-temperature transitions of
H2CO at 35 and 46 K, and the N2H+ and the CS transitions show
strong compact emission, which peaks within ∼6′′ of the contin-
uum peak, indicating that the interior of W33 Main1 is still cold
(Fig. A.1).
W33A1 and W33B1 In W33 A1 and W33 B1 (Fig. 3),
we observe the same transitions (CH3OH(9−1,9−80,8) and
CH3OH(61,5−51,4), in addition to the spectral lines detected in
W33 Main1). The upper energy levels Eu of all detected spectral
lines range between 27 and 141 K. The average central veloc-
ity is 33.3 km s−1 and 36.7 km s−1 for W33 B1 and W33 A1,
respectively. The spectral lines have an average line width of
5.4 km s−1 and 3.9 km s−1 in W33 B1 and W33 A1, respectively.
In general, the detected spectral lines tend to be stronger and
broader in W33 B1 compared to W33 A1. The peaks of the com-
pact emission of the four strongest lines, as seen in the moment
0 maps, are located within ∼6′′ of the continuum peaks in both
sources (Figs. A.2 and A.3). In W33 B1, the emission of the
high-excitation transitions of H2CO and CH3OH is also compact
and peaks close to the continuum peak (Fig. A.3). This suggests
that a heating source is present in W33 B1. The moment 0 maps
of these high-temperature lines in W33 A1 show more extended
emission and less isolated peaks (Fig. A.2), which indicates that
W33 A1 already contains a heating source but is probably less
developed than W33 B1.
W33B Besides the spectral lines detected in W33 B1
and W33 A1, we observe emission from H2CS(81,7−71,6),
CH3OH(62,4−52,3), CH3OH(32,1−41,4), C33S(6−5), and
OCS(24−23) in W33 B (Fig. 4). The spectral lines have
upper energy levels Eu between 27 and 175 K. The average
central velocity and line width of W33 B are 55.4 km s−1 and
5.3 km s−1, respectively. Although the radial velocity of W33 B
differs by ∼20 km s−1 from the radial velocities of the other
clumps in W33, Immer et al. (2013) have shown that this clump
is located at a similar distance as the other clumps. However,
it is still unclear what the reason for this large radial velocity
difference is. While the integrated emission of CS and the two
low-excitation transitions of H2CO is compact and peaks close
to the continuum peak, the emission of N2H+ is extended in
south-east direction and peaks ∼12′′ east of the continuum
peak (Fig. A.4). The moment 0 map of H2CO(42,2−32,1) shows
extended emission in the north-south direction. The peak of
the emission is offset by ∼12′′ in north-west direction from
the continuum peak (Fig. A.4). The integrated emission of
C33S(6−5) is extended to the west, but its maximum is located
close to the continuum peak (Fig. A.4). The emission of the
remaining lines is mostly compact and peaks within ∼6′′ of the
continuum peak (Fig. A.4). The stronger lines and the detection
of transitions at higher excitation energies compared to W33 B1
and W33 A1 suggests that W33 B is even more evolved than
W33 B1 and W33 A1.
W33A In addition to the lines found in W33 B, we also de-
tect emission of OCS(23−22), HC3N(31−30), HC3N(32−31),
and CH3CCH(170−160) in W33 A (Fig. 4). However, we do not
observe emission of C33S(6−5) or CH3OH(32,1−41,4). The upper
energy levels of the detected lines are between 27 and 231 K. The
average central velocity of all transitions is 37.6 km s−1, which
is close to the systemic velocity of 38.5 km s−1, determined by
Galván-Madrid et al. (2010) from their SMA observations of
W33 A. The average line width is 5.4 km s−1. The integrated
emission of all lines in W33 A is compact and their maxima are
located close to the continuum peak within ∼6′′−12′′ (Fig. A.5).
The object W33 A is probably more evolved than W33 B.
W33Main Besides the transitions that we detect in W33 A and
W33 B, we observe the higher-excitation transitions of CH3CCH
(CH3CCH(171−161), CH3CCH(172−162), CH3CCH(173−163),
CH3CCH(174−164)), and H213CO(41,3−31,2) in W33 Main (Fig.
4). The transition with the highest upper energy level Eu = 241 K
is detected in this source. The average central velocity and line
width of W33 Main are 35.6 km s−1 and 6.0 km s−1, respectively.
Except for the N2H+, CS, and OCS transitions, the emission of
all spectral lines peaks close to the continuum peak (Fig. A.6).
The N2H+ emission is strongest at the northwestern edge of the
map. At the center of W33 Main, the N2H+ emission is much
weaker (Fig. A.6). This shows that N2H+ is not a good tracer
of the dust continuum in evolved sources anymore (Reiter et al.
2011). The CS emission is spread from the center of the map
to the north and peaks about ∼24′′ from the continuum peak
to the north (Fig. A.6). The emission of C33S, CH3CCH (ex-
cept CH3CCH(174−164)), CH3OH (except CH3OH(32,1−41,4)
and CH3OH(62,4−52,3)), H2CO, and H2CS is also extended to
the north but peaks close to the continuum peak (Fig. A.6). The
OCS emission is extended and the peak close to the center of the
map is not very pronounced (Fig. A.6). The extended emission
hints to the existence of another source in the north of the map.
Since CS and N2H+ trace cold gas, the line peak offsets of the
CS and N2H+ emission from the continuum peak indicate that
the gas towards the center of the W33 Main clump is not cold
anymore. We conclude that W33 Main is not in an early stage of
star formation anymore.
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Table A.1: Transitions, detected in W33 with the APEX telescope.
W33 Main1 W33 A1 W33 B1
ν0 Transition Eu FInt. FPeak vcentral FWHM FInt FPeak vcentral FWHM FInt FPeak vcentral FWHM
(GHz) (K) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1)
278.3045 CH3OH(9−1,9−80,8) 109.97 0.28 0.10 36.48 2.79 0.59 0.10 33.21 5.65
278.8864 H2CS(81,7−71,6) 73.41
279.5117 N2H+(3−2) 26.83 11.13 2.16 36.61 4.85 9.43 1.83 36.74 4.85 7.38 1.47 33.57 4.71
279.6853 OCS(23−22) 161.09
281.5269 H2CO(41,4−31,3) 45.57 3.05 1.00 36.53 2.87 3.78 0.98 36.68 3.62 4.82 0.79 33.69 5.73
281.9768 HC3N(31−30) 215.55
290.2487 CH3OH(61,5−51,4) 69.80 0.28 0.07 37.08 3.78 0.56 0.07 32.65 8.10
290.2641 CH3OH(62,4−52,3) 86.46
290.3073 CH3OH(6−2,5−5−2,4)a 74.66 0.19 0.08 35.96 2.39 0.48 0.12 36.75 3.78 0.88 0.15 32.74 5.58
290.3076 CH3OH(62,4−52,3)a 71.00
290.4135 CH3CCH(174−164) 241.05
290.4523 CH3CCH(173−163) 190.50
290.4799 CH3CCH(172−162) 154.39
290.4965 CH3CCH(171−161) 132.71
290.5021 CH3CCH(170−160) 125.49
290.6234 H2CO(40,4−30,3) 34.90 1.52 0.53 36.54 2.67 2.00 0.55 36.58 3.40 2.60 0.49 33.63 5.00
291.0684 HC3N(32−31) 230.52
291.2378 H2CO(42,3−32,2) 82.07 0.35 0.10 36.46 3.25 0.44 0.13 36.33 3.26 0.84 0.14 33.18 5.78
291.3805 H2CO(43,2−33,1)a 140.94 0.54 0.07 36.14 7.72 0.74 0.08 36.49 8.43 1.38 0.14 32.92 9.36
291.3843 H2CO(43,1−33,0)a 140.94
291.4859 C33S(6−5) 38.66
291.8397 OCS(24−23) 175.10
291.9481 H2CO(42,2−32,1) 82.12 0.30 0.09 36.34 2.93 0.50 0.09 36.88 5.48 0.62 0.14 33.34 4.32
292.6729 CH3OH(61,5−51,4) 63.71 0.16 0.06 36.13 2.46 0.42 0.09 36.77 4.51 0.80 0.12 32.92 6.17
293.1265 H213CO(41,3−31,2) 47.01
293.4640 CH3OH(32,1−41,4) 51.64
293.9122 CS(6−5) 49.37 2.82 0.89 36.56 2.97 4.39 1.22 36.96 3.38 2.86 0.62 34.16 4.34
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Table A.1: Continued.
W33 B W33 A W33 Main
ν0 Transition Eu FInt. FPeak vcentral FWHM FInt FPeak vcentral FWHM FInt FPeak vcentral FWHM
(GHz) (K) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1)
278.3045 CH3OH(9−1,9−80,8) 109.97 0.98 0.19 54.73 4.88 2.24 0.34 37.52 6.12 3.05 0.56 36.07 5.12
278.8864 H2CS(81,7−71,6) 73.41 0.49 0.13 54.12 3.69 1.62 0.28 36.63 5.40 5.90 0.99 34.59 5.58
279.5117 N2H+(3−2) 26.83 12.26 2.24 55.39 5.16 31.07 5.11 37.28 5.71 22.91 3.35 35.40 6.43
279.6853 OCS(23−22) 161.09 1.05 0.21 37.81 4.69 0.81 0.11 36.45 7.20
281.5269 H2CO(41,4−31,3) 45.57 4.49 1.04 55.44 4.07 13.74 2.35 37.56 5.50 33.50 4.11 35.87 7.66
281.9768 HC3N(31−30) 215.55 0.62 0.14 38.23 4.04 2.21 0.37 35.27 5.59
290.2487 CH3OH(61,5−51,4) 69.80 0.97 0.13 55.39 6.88 2.54 0.41 37.51 5.77 5.27 0.86 35.97 5.78
290.2641 CH3OH(62,4−52,3) 86.46 0.87 0.12 55.39 6.72 1.50 0.18 37.51 7.68 1.75 0.30 36.32 5.54
290.3073 CH3OH(6−2,5−5−2,4)a 74.66 1.08 0.24 55.38 4.22 3.51 0.63 37.19 5.25 7.96 1.27 36.08 5.90
290.3076 CH3OH(62,4−52,3)a 71.00
290.4135 CH3CCH(174−164) 241.05 0.94 0.15 35.24 5.98
290.4523 CH3CCH(173−163) 190.50 4.40 0.69 35.24 5.98
290.4799 CH3CCH(172−162) 154.39 4.18 0.66 35.24 5.98
290.4965 CH3CCH(171−161) 132.71 6.40 1.00 35.24 5.98
290.5021 CH3CCH(170−160) 125.49 1.07 0.13 37.02 7.68 6.58 1.03 35.24 5.98
290.6234 H2CO(40,4−30,3) 34.90 2.66 0.69 55.20 3.65 8.19 1.48 37.50 5.19 19.83 2.83 35.56 6.57
291.0684 HC3N(32−31) 230.52 0.90 0.18 38.65 4.64 2.00 0.32 35.06 5.97
291.2378 H2CO(42,3−32,2) 82.07 1.64 0.20 55.69 7.63 3.04 0.56 37.52 5.08 8.10 1.22 35.39 6.25
291.3805 H2CO(43,2−33,1)a 140.94 2.23 0.17 55.86 12.48 4.93 0.52 37.76 8.99 12.93 1.39 34.97 8.75
291.3843 H2CO(43,1−33,0)a 140.94
291.4859 C33S(6−5) 38.66 0.49 0.13 55.67 3.51 3.91 0.57 35.65 6.46
291.8397 OCS(24−23) 175.10 1.06 0.14 55.97 7.30 1.41 0.18 38.58 5.49 0.90 0.12 36.41 7.23
291.9481 H2CO(42,2−32,1) 82.12 1.07 0.17 54.98 5.84 2.89 0.54 37.82 5.05 7.80 1.23 35.40 5.97
292.6729 CH3OH(61,5−51,4) 63.71 1.08 0.22 55.66 4.59 2.76 0.55 37.68 4.70 5.90 0.96 36.11 5.77
293.1265 H213CO(41,3−31,2) 47.01 1.00 0.14 34.95 6.58
293.4640 CH3OH(32,1−41,4) 51.64 0.79 0.14 56.62 5.34 0.98 0.20 36.32 4.64
293.9122 CS(6−5) 49.37 6.86 1.71 55.58 3.76 19.52 3.22 37.58 5.70 81.86 9.23 36.39 8.33
Notes. (a) Blended transitions.
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Fig. A.1: Line emission of detected transitions in W33 Main1. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 5σ, starting at 6σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner. A
scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. A.1: Continued.
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Fig. A.2: Line emission of detected transitions in W33 A1. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 5σ, starting at 5σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner. A
scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. A.2: Continued.
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Fig. A.3: Line emission of detected transitions in W33 B1. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 5σ, starting at 5σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner. A
scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
A&A–W33_Multi, Online Material p 32
Fig. A.3: Continued.
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Fig. A.4: Line emission of detected transitions in W33 B. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 5σ, starting at 10σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner. A
scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. A.4: Continued.
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Fig. A.4: Continued.
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Fig. A.5: Line emission of detected transitions in W33 A. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 10σ, starting at 20σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner.
A scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. A.5: Continued.
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Fig. A.5: Continued.
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Fig. A.5: Continued.
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Fig. A.6: Line emission of detected transitions in W33 Main. The contours show the ATLASGAL continuum emission at 345 GHz
(levels in steps of 40σ, starting at 50σ (σ = 0.081 Jy beam−1). The name of the each transition is shown in the upper right corner.
A scale of 0.5 pc is marked in the upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. A.6: Continued.
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Fig. A.6: Continued.
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Fig. A.6: Continued.
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Appendix B: Results of the SMA line observations
W33Main1 Besides the two CO lines 12CO and C18O, we only
observe emission of SO(65−54) in the spectrum of W33 Main1
(Fig. 8). 13CO is not detected at the position of the dust con-
tinuum peak, but extended emission of 13CO is observed in the
W33 Main1 mosaic (Fig. B.1). The upper energy levels Eu of the
observed transitions are 16−35 K. The average central velocity
and the average line width are 35.9 km s−1 and 4.0 km s−1, which
are similar to the results of the APEX observations.
The blueshifted and redshifted 12CO(2−1) emission of
W33 Main1 shows several peaks at and around the dust contin-
uum peak (Fig. B.7a). The distribution of the emission does not
look ordered and might be excited by turbulences in this source.
The moment 0 map of the SO transition shows compact
emission, whose peak is offset by ∼2′′ from the dust continuum
peak (Fig. B.1). The moment 1 map of the SO transition shows
a velocity gradient over the central part of the source (Fig. B.6).
The lack of spectral lines besides the CO and SO transitions
either indicates low temperatures in the dust core or the emis-
sion of more complex molecules is not compact enough to be
detected with the SMA. Both hint to a very early evolutionary
age of W33 Main1. We conclude that W33 Main1 is probably
in an early protostellar phase before the protostar strongly influ-
ences the surrounding material, and strong emission of primary
molecules like H2CO and CH3OH is detected.
W33B1 In the spectrum of W33 B1, we detect the three tran-
sitions of H2CO, CH3OH(42,2−31,2), SO(65−54), and 12CO (Fig.
8). Extended emission of 13CO and C18O is observed in the
W33 B1 map but not at the center of the core (Fig. B.3). The
detected transitions have upper energy levels between 17 and
68 K, indicating that this source is still relatively cold. The
average central velocity and the average line width of W33 B1
are 32.7 km s−1 and 5.0 km s−1, respectively. The 12CO(2−1)
emission shows a preferred direction in W33 B1 (north-west to
south-east). Most of the emission is detected close to the dust
continuum peak (Fig. B.7c).
The moment 0 maps of CH3OH and H2CO show compact
emission, which peaks close to the dust continuum peak (Fig.
B.3). The emission of SO is also compact but peaks at the edge
of the core (Fig. B.3). The moment 1 maps of H2CO(30,3−20,2)
and CH3OH(42,2−31,2) show similar velocity gradients across
the source (Fig. B.6).
The higher-energy transitions of H2CO and CH3OH hint to
the presence of a heating source in W33 B1. However, since we
do not see the line-richness of hot cores in this core, we conclude
that W33 B1 is a young protostellar core.
W33A1 In addition to the lines detected in W33 B1, we observe
emission of DCN(3−2) and C18O at the peak of W33 A1 (Fig.
8). Again, extended emission of 13CO is observed in the map
but not at the position of the continuum peak (Fig. B.2). The
upper energy levels of the detected transitions are between 16
and 68 K. The average central velocity of W33 A1 is 35.5 km s−1.
The average line width is 3.7 km s−1.
Two streams of 12CO(2−1) emission are detected in W33 A1
that are almost perpendicular to each other (Fig. B.7b).
Blueshifted emission is observed north of the dust continuum
peak, while redshifted emission is detected west of the contin-
uum peak.
The emission of DCN is compact and peaks close to the dust
continuum peak (Fig. B.2). The moment 0 map of SO shows two
peaks at the edges of the dust core with the main peak of the SO
emission being offset from the dust continuum peak by ∼2′′ (Fig.
B.2). In the moment 1 map, a small velocity gradient is visible
over both SO emission peaks (Fig. B.6). The integrated emission
of H2CO and CH3OH is compact and peaks within 1′′ of the dust
continuum peak (Fig. B.2). The low-energy transitions of H2CO
and CH3OH both show a velocity gradient over the source (Fig.
B.6). For the same reasons as for W33 B1, we conclude that
W33 A1 is a young protostellar core.
W33B The object W33 B is one of the most line-rich sources of
the six W33 cores. We observed 37 transitions of 14 molecules
with the SMA (Fig. 9). Emission of the CO isotopologue C18O
is not observed towards the center of the molecular core but is
detected as extended emission in the map (Fig. B.4). The ionised
gas tracer H30α is not detected in W33 B, indicating that an UC
H ii region is not yet present. The strongest line in the spectrum
is 12CO with a peak brightness temperature of ∼6 K. The aver-
age central velocity is 55.6 km s−1. The average line width is
6.8 km s−1.
In W33 B, we detect an outflow in the 12CO emission in
almost north-south direction. Another stream of 12CO emis-
sion at blueshifted velocities points in the south-west direction
and probably marks another outflow of which we only see the
blueshifted side (Fig. B.7d).
The integrated emission of most of the detected lines is con-
centrated within the boundaries of the dust emission and only
barely resolved (Fig. B.4). The lines that show more ex-
tended emission are 13CS, CH3OH(42,2−31,2), H2CO(30,3−20,2),
SO(65−54), as well as the CO lines, which are spread over the
whole field of view (Fig. B.4). Velocity gradients are detected in
the moment 1 maps of the H2CO and CH3OH transitions as well
as the OCS(19−18) and HC3N(24−23) transitions (Fig. B.6).
The detection of complex molecules like CH3CN, HNCO,
HC3N, CH3OCHO, or CH3OCH3 indicates that W33 B is in the
hot core stage.
W33A For comparison with our sample of W33 sources, we
obtained the spectrum of W33 A by integrating the emission
over one synthesised beam at the position of the stronger
continuum peak (MM1 in Galván-Madrid et al. 2010). The
spectra of the two sidebands are shown in Fig. 9. In the covered
frequency range, we detect the same transitions as in W33 B.
In addition, high-energy CH3OH transitions at Eu = 579 K and
emission of more complex molecules (CH3OCHO, CH3OCH3)
at higher excitation energies are observed. All transitions have
upper energy levels Eu between 16 and 579 K. Unfortunately,
the frequency of the radio recombination line (RRL) H30α is
located outside the frequency range of the W33 A spectra. The
variety of detected molecules (including complex molecules)
and the high temperature needed for the excitation of the
high-energy transitions supports the identification of W33 A as a
hot core. Since W33 A shows emission of complex molecules at
higher excitation energies, we conclude that W33 A is probably
more evolved than W33 B.
W33Main Compared to W33 B and W33 A, the spectrum of
W33 Main shows significantly fewer spectral lines (Fig. 9).
The dust continuum peak of W33 Main-Central is almost de-
void of H2CO emission (Fig. B.5). In the spectrum, we de-
tect H2CO(30,3−20,2) and H2CO(32,2−22,1). However, we ob-
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serve emission of the 68 K H2CO transitions (32,2−22,1) and
(32,1−22,0) in the western part of W33 Main-Central and at the
peak positions of W33 Main-West and W33 Main-North (Fig.
B.5). Besides two transitions of CH3OH (CH3OH(42,2−31,2),
CH3OH(8−1,8−70,7)), we detect SO, the CO isotopologues 12CO,
13CO, and C18O, HC3N, and the RRL H30α in the spectrum.
The detected lines have upper energy levels from 16 to 131 K.
The two strongest lines are 12CO and C18O with peak brightness
temperatures of ∼8 and ∼6.5 K, respectively. The average central
velocity and the average line width of W33 Main are 37.1 km s−1
and 4.3 km s−1.
Figure B.7e shows the outflowing gas in the C18O emission.
While there seem to be two redshifted streams of C18O emis-
sion, we only see one strong peak of blueshifted emission that
is located close to W33 Main-Central. In Fig. B.8, we show
a comparison of the integrated emission of the 13CO and C18O
transitions from the SMA data only and from the combination
of the SMA and IRAM30m data. In Fig. B.9, the 13CO spec-
tra from the SMA data and the IRAM30m+SMA data, which
are integrated over one synthesised beam at the continuum peak
of W33 Main are plotted. While the spectrum of the combined
data shows a broad Gaussian with a blue and a red “shoulder”,
the SMA spectrum mimics a P-Cygni profile. These two figures
present the importance of zero-spacing information, especially
for widespread line emission, and show the strong filtering of
large scale emission and the importance of side lobes in spectral
features.
The object W33 Main is the only source in our SMA sample
that shows emission of the RRL H30α and the shock tracer SiO
(Fig. B.5). The integrated emission of the RRL has the same
shape as the dust continuum emission of W33 Main-Central
which suggests that part of the continuum emission comes from
free-free radiation (Fig. B.5, see Sect. 4). The detection of the
RRL supports the identification of W33 Main as a more evolved
object where ionised emission of H ii region(s) is observed. The
integrated emission of CH3OH(42,2−31,2) and SO(65−54) also
peaks at the center of W33 Main-Central (Fig. B.5). However,
the HC3N transition peaks in the western part of W33 Main-
Central, which is offset from the main dust peak by ∼0.1 pc
(Fig. B.5). Emission of the SiO(5−4) transition is observed at
the western and southern edges of W33 Main-Central (Fig. B.5).
Velocity gradients are seen in the moment 1 maps of the CH3OH
and HC3N transitions (Fig. B.6).
The object W33 Main-North is bright in 13CS,
H2CO(30,3−20,2), SO(65−54), and SiO(5−4) (Fig. B.5).
Weaker emission of CH3OH(42,2−31,2) is also observed at
this position. The strongest lines in W33 Main-West are
H2CO(30,3−20,2) and CH3OH(42,2−31,2) (Fig. B.5). In addition,
weaker emission of 13CS, SO(65−54), and SiO(5−4) is detected.
At the position of W33 Main-South, we only observed diffuse
line emission (Fig. B.5).
In the sources W33 Main1, W33 A1, W33 B1, and W33 Main,
we detect 12CO(2−1) and 13CO(2−1) emission at velocities of
∼60 km s−1. This emission is offset from the dust emission
peak by several arcseconds in all sources. This shows that the
velocity component of W33 B (vsys = 56 km s−1) is not unique
in the W33 complex but also observed towards the other sources
in the low density gas tracers (see also Goldsmith & Mao 1983;
Urquhart et al. 2008; Chen et al. 2010).
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Table B.1: Transitions, detected in W33 with the SMA telescope.
W33 Main1 W33 A1 W33 B1
ν0 Transition Eu FInt. FPeak vcentral FWHM FInt FPeak vcentral FWHM FInt FPeak vcentral FWHM
(GHz) (K) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1)
216.9456 CH3OH(51,4−42,2) 55.87
216.9659 CH3OCHO(201,20−191,19)A 111.48
217.1050 SiO(5−4) 31.26
217.2386 DCN(3−2) 20.85 5.75 1.29 34.14 4.19
217.2992 CH3OH(61,5−72,6) 373.93
217.8864 CH3OH(201,19−200,20) 508.38
218.2222 H2CO(30,3−20,2) 20.96 8.33 2.22 35.43 3.52 21.98 3.33 32.94 6.20
218.3248 HC3N(24−23) 130.98
218.4401 CH3OH(42,2−31,2) 45.46 7.74 1.64 36.33 4.43 13.63 2.51 32.72 5.10
218.4756 H2CO(32,2−22,1) 68.09 4.61 1.50 36.71 2.89 5.37 0.81 31.69 6.20
218.7601 H2CO(32,1−22,0) 68.11 3.44 0.96 35.43 3.38 8.73 1.64 32.78 5.02
218.9810 HNCO(101,10−91,9) 101.08
219.5604 C18O(2−1) 15.81 3.41 1.38 36.13 2.32 10.08 2.51 34.87 3.77 *
219.7339 HNCO(102,9−92,8)a,b 228.28
219.7372 HNCO(102,8−92,7)a,b 228.29
219.7982 HNCO(100,10−90,9) 58.02
219.9085 H213CO(31,2−21,1) 15.56
219.9494 SO(65−54) 34.98 4.17 0.82 35.75 4.80 3.37 0.9 33.35 3.53
220.0785 CH3OH(80,8−71,6) 96.61
220.1669 CH3OCHO(174,13−164,12)E 103.15
220.1903 CH3OCHO(174,13−164,12)E 103.15
220.3989 13CO(2−1) 15.89 * * *
220.5392 CH3CN(127−117) 418.63
220.5848 HNCO(101,9−91,8) 101.50
220.5944 CH3CN(126−116) 325.90
220.6410 CH3CN(125−115) 247.40
220.6792 CH3CN(124−114) 183.15
220.7090 CH3CN(123−113) 133.16
220.7302 CH3CN(122−112) 97.44
220.7430 CH3CN(121−111) 76.01
220.7472 CH3CN(120−110) 68.87
220.8934 CH3OCH3(234,20−233,21)c 274.44
221.1984 CH3OCH3(275,22−274,23)c 257.14
229.4050 CH3OCHO(183,15−173,14) 110.74
229.4203 CH3OCHO(183,15−173,14) 110.74
229.5891 CH3OH(154,11−163,13) 374.44
229.7588 CH3OH(8−1,8−70,7) 89.10
229.8641 CH3OH(195,15−204,16) 578.60
229.9392 CH3OH(195,14−204,17) 578.60
230.0270 CH3OH(3−2,2−4−1,4) 39.83
230.1414 CH3OCH3(254,22−253,22) 319.21
230.2338 CH3OCH3(172,15−163,14) 147.65
230.3682 CH3OCH3(285,23−276,22) 406.35
230.5380 12CO(2−1) 16.60 21.51 4.08 30.01 4.95 14.19 3.56 29.44 3.74 12.76 3.16 26.40 3.79
231.0610 OCS(19−18) 110.90
231.2210 13CS(5−4) 33.29
231.2811 CH3OH(102,9−93,6) 165.35
231.9009 H30α
231.9879 CH3OCH3(130,13−121,12) 80.92
232.4186 CH3OH(102,8−93,7) 165.40
232.7836 CH3OH(183,16−174,13) 446.53
Notes. (*) Emission detected in map but not in the spectrum at the center of the core. (a) Blended transitions. (b) Spectral lines fitted with same central velocity and FWHM. (c) Only in frequency range
of W33 A. (d) Weak transition (< 3σ), detected with Weeds (see Sect. 7).
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Table B.1: Continued.
W33 B W33 A W33 Main
ν0 Transition Eu FInt. FPeak vcentral FWHM FInt FPeak vcentral FWHM
(GHz) (K) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1)
216.9456 CH3OH(51,4−42,2) 55.87 20.52 2.78 55.91 6.95
216.9659 CH3OCHO(201,20−191,19)A 111.48 19.95 2.72 55.07 6.89
217.1050 SiO(5−4) 31.26 6.58 0.54 60.60 11.44 *
217.2386 DCN(3−2) 20.85 10.68 1.34 55.78 7.47
217.2992 CH3OH(61,5−72,6) 373.93 12.48 2.49 56.45 4.71
217.8864 CH3OH(201,19−200,20) 508.38 10.91 2.19 55.71 4.69
218.2222 H2CO(30,3−20,2) 20.96 17.55 1.92 56.67 8.61 4.63 1.12 39.59 3.89
218.3248 HC3N(24−23) 130.98 22.17 2.02 55.40 10.32 21.89 5.96 37.40 3.45
218.4401 CH3OH(42,2−31,2) 45.46 18.77 2.92 55.80 6.04 19.15 4.21 37.78 4.27
218.4756 H2CO(32,2−22,1) 68.09 12.37 2.16 55.12 5.37 4.14 0.81 36.00 4.79
218.7601 H2CO(32,1−22,0) 68.11 14.34 2.57 56.26 5.23
218.9810 HNCO(101,10−91,9) 101.08 13.56 1.60 54.58 7.94
219.5604 C18O(2−1) 15.81 * X 22.99 6.46 38.57 3.34
219.7339 HNCO(102,9−92,8)a,b 228.28 5.30 1.29 56.32 3.85 X
219.7372 HNCO(102,8−92,7)a,b 228.29 2.19 0.53 56.32 3.85 X
219.7982 HNCO(100,10−90,9) 58.02 13.99 1.56 55.82 8.44 X
219.9085 H213CO(31,2−21,1) 15.56 X
219.9494 SO(65−54) 34.98 21.40 2.34 55.15 8.60 X 14.61 1.45 36.18 9.48
220.0785 CH3OH(80,8−71,6) 96.61 22.74 2.34 55.22 9.13 X
220.1669 CH3OCHO(174,13−164,12)E 103.15 X
220.1903 CH3OCHO(174,13−164,12)E 103.15 X
220.3989 13CO(2−1) 15.89 10.18 1.98 48.46 4.82 X 12.74 3.20 41.69 3.74
220.5392 CH3CN(127−117) 418.63 4.18 0.56d 55.65b 7.04b X
220.5848 HNCO(101,9−91,8) 101.5 5.42 0.94 54.63 5.44 X
220.5944 CH3CN(126−116) 325.9 10.31 1.38 55.65b 7.04b X
220.6410 CH3CN(125−115) 247.4 9.63 1.28 55.65b 7.04b X
220.6792 CH3CN(124−114) 183.15 11.74 1.57 55.65b 7.04b X
220.7090 CH3CN(123−113) 133.16 16.11 2.15 55.65b 7.04b X
220.7302 CH3CN(122−112) 97.44 15.95 2.13 55.65b 7.04b X
220.7430 CH3CN(121−111) 76.01 16.72 2.23 55.65b 7.04b X
220.7472 CH3CN(120−110) 68.87 17.12 2.28 55.65b 7.04b X
220.8934 CH3OCH3(234,20−233,21)c 274.44 X
221.1984 CH3OCH3(275,22−274,23)c 257.14 X
229.4050 CH3OCHO(183,15−173,14) 110.74 X
229.4203 CH3OCHO(183,15−173,14) 110.74 X
229.5891 CH3OH(154,11−163,13) 374.44 21.97 2.40 54.87 8.61 X
229.7588 CH3OH(8−1,8−70,7) 89.10 21.57 3.06 55.8 6.62 X 15.01 2.95 37.67 4.78
229.8641 CH3OH(195,15−204,16) 578.60 X
229.9392 CH3OH(195,14−204,17) 578.60 X
230.0270 CH3OH(3−2,2−4−1,4) 39.83 17.40 2.19 57.01 7.46 X
230.1414 CH3OCH3(254,22−253,22) 319.21 X
230.2338 CH3OCH3(172,15−163,14) 147.65 X
230.3682 CH3OCH3(285,23−276,22) 406.35 X
230.5380 12CO(2−1) 16.60 45.09 6.21 46.31 6.82 X 18.62 7.95 42.98 2.20
231.0610 OCS(19−18) 110.90 14.26 2.33 55.82 5.76 X
231.2210 13CS(5−4) 33.29 13.55 1.78 54.81 7.16 X *
231.2811 CH3OH(102,9−93,6) 165.35 16.79 1.70 54.67 9.30 X
231.9009 H30α 83.80 3.19 32.91 24.65
231.9879 CH3OCH3(130,13−121,12) 80.92 12.04 1.93 54.72 5.87
232.4186 CH3OH(102,8−93,7) 165.40 20.10 3.12 55.86 6.05
232.7836 CH3OH(183,16−174,13) 446.53 12.13 2.32 56.07 4.92
Notes. (*) Emission detected in map but not in the spectrum at the center of the core. (a) Blended transitions. (b) Spectral lines fitted with same central velocity and FWHM. (c) Only in frequency range
of W33 A. (d) Weak transition (< 3σ), detected with Weeds (see Sect. 7).
A&A–W33_Multi, Online Material p 48
Fig. B.1: Line emission of detected transitions in W33 Main1. The contours show the SMA continuum emission at 230 GHz (same
contour levels as in Fig. 6). The name of the each transition is shown in the upper right corner. A scale of 0.1 pc is marked in the
upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. B.2: Line emission of detected transitions in W33 A1. The contours show the SMA continuum emission at 230 GHz (same
contour levels as in Fig. 6). The name of the each transition is shown in the upper right corner. A scale of 0.1 pc is marked in the
upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. B.2: Continued.
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Fig. B.3: Line emission of detected transitions in W33 B1. The contours show the SMA continuum emission at 230 GHz (same
contour levels as in Fig. 6). The name of the each transition is shown in the upper right corner. A scale of 0.1 pc is marked in the
upper left corner, and the synthesised beam is shown in the lower left corner.
A&A–W33_Multi, Online Material p 52
Fig. B.3: Continued.
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Fig. B.4: Line emission of detected transitions in W33 B. The contours show the SMA continuum emission at 230 GHz (same
contour levels as in Fig. 6). The name of the each transition is shown in the upper right corner. A scale of 0.1 pc is marked in the
upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. B.4: Continued.
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Fig. B.4: Continued.
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Fig. B.4: Continued.
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Fig. B.4: Continued.
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Fig. B.4: Continued.
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Fig. B.5: Line emission of detected transitions in W33 Main. The contours show the SMA continuum emission at 230 GHz (same
contour levels as in Fig. 6). The name of the each transition is shown in the upper right corner. A scale of 0.1 pc is marked in the
upper left corner, and the synthesised beam is shown in the lower left corner.
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Fig. B.5: Continued.
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Fig. B.5: Continued.
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Fig. B.6: Moment 1 maps of different transitions, showing velocity gradients in the W33 sources. The contours show the continuum
emission at 230 GHz (positive contour levels the same as in Fig. 6).
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Fig. B.6: Continued.
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Fig. B.7: Velocity integrated CO emission in W33 Main1, W33 A1, W33 B1, W33 B, and W33 Main. The background shows the
230 GHz continuum emission. Blue and red contours correspond to the most blueshifted and redshifted 12CO or C18O emission
in the five sources. In W33 Main1, the redshifted and blueshifted emission is integrated over velocity ranges of 36−42 km s−1 and
27−31 km s−1, respectively (contour levels: 4–23 Jy beam−1 km s−1 in steps of 3 Jy beam−1 km s−1). In W33 A1, the redshifted
and blueshifted emission is integrated over velocity ranges of 40–47 km s−1 and 25–32 km s−1, respectively (contour levels: 6–28
Jy beam−1 km s−1 in steps of 3 Jy beam−1 km s−1). In W33 B1, the redshifted and blueshifted emission is integrated over velocity
ranges of 40–45 km s−1 and 24–30 km s−1, respectively (contour levels: 5–35 Jy beam−1 km s−1 in steps of 5 Jy beam−1 km s−1). In
W33 B, the redshifted and blueshifted emission is integrated over velocity ranges of 64–69 km s−1 and 44–48 km s−1, respectively
(contour levels: 10–70 Jy beam−1 km s−1 in steps of 5 Jy beam−1 km s−1). In W33 Main, the redshifted and blueshifted emission
(from the IRAM30m+SMA data) is integrated over 39–42 km s−1 and 28–32 km s−1, respectively (contour levels: 10–25 Jy beam−1
km s−1 in steps of 2.5 Jy beam−1 km s−1). The synthesised beams are shown in the lower left corners of the images.
(a) 12CO emission in W33 Main1 (b) 12CO emission in W33 A1
(c) 12CO emission in W33 B1 (d) 12CO emission in W33 B
(e) C18O emission in W33 Main
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Fig. B.8: Velocity integrated emission of 13CO and C18O in W33 Main. The images in the left panels show the data from the SMA
observations while the images in the right panels are combinations of the IRAM30m and SMA data of these two transitions to
correct for missing short spacings. The contours show the 230 GHz continuum emission in W33 Main (contour levels same as in
Fig. 6). The 13CO and C18O emission are integrated over velocity ranges of 27–46 km s−1 and 30–42 km s−1, respectively.
(a) SMA 13CO emission
(b) Combined 13CO emission from SMA and
IRAM30m
(c) SMA C18O emission
(d) Combined C18O emission from SMA and
IRAM30m
Fig. B.9: 13CO spectra, integrated over one synthesised beam at the continuum peak of W33 Main from the SMA data only (left)
and from the combination of the SMA and the IRAM30m data (right).
(a) SMA 13CO spectrum (b) SMA+IRAM30m 13CO spectrum
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Appendix C: Weeds modelling
APEX observations A good fit of the 46 K H2CO line in
W33 Main1 is achieved with a temperature of 40 K and a col-
umn density of 3.4 · 1013 cm−2. The synthetic spectrum slightly
underestimates the 35 and 141 K transitions and slightly overes-
timates the two 82 K transitions.
In W33 A1, the synthetic spectrum, based on a kinetic tem-
perature of 40 K and a column density of 4.1 · 1013 cm−2, gives
a good fit to the 46 K transition. As in W33 Main1, the emission
of the 35 K and the 141 K lines is a bit underestimated and the
emission of the 82 K lines a bit overestimated. A slightly bet-
ter fit for all transitions is achieved if we fit the two components
with 25 K and 2.0 · 1013 cm−2 and 55 K and 2.5 · 1013 cm−2.
The synthetic spectrum, computed from the RTD results of
W33 B1, is a good fit for the transitions with Eu above 80 K
but underestimate the emission of the 35 K and 46 K lines. We
conclude that a low-temperature component is missing in the
construction of the synthetic spectrum. Thus, a new synthetic
spectrum was produced, based on two components with 30 K
and 2.0 · 1013 cm−2 and 60 K and 2.5 · 1013 cm−2. The syn-
thetic spectrum yields a good fit for the 46 K and 141 K lines but
underestimates the emission of the 35 K transition and slightly
overestimates the emission of the 82 K line.
In W33 B, we produce a synthetic spectrum with two compo-
nents of 30 K and 2.3 · 1013 cm−2 and 100 K and 5.9 · 1013 cm−2.
This spectrum reproduces the transitions of the upper sideband
well but underestimates the emission of the 46 K line. The syn-
thetic spectrum for W33 A, constructed from two components of
40 K and 9.0 · 1013 cm−2 and 100 K and 1.6 · 1014 cm−2, yields
a good fit for the high-energy and the 35 K transitions but over-
estimates the emission of the 46 K line by about 25%.
Two components with 50 K and 2.0 · 1014 cm−2 and 100 K
and 4.2 · 1014 cm−2 give a synthetic spectrum for W33 Main,
which fits all transitions except the 46 K very well. However,
the emission of the 46 K line is overestimated by about 33%. In
W33 Main, we also produced synthetic spectra for CH3OH and
CH3CCH. The RTD results of CH3CCH give a synthetic spec-
trum that underestimates the emission of all detected transitions.
A better fit is achieved using a kinetic temperature of 59 K and
a column density of 3.4 · 1015 cm−2 for the construction of the
synthetic spectrum. The observed and the synthetic spectrum
of CH3CCH are shown in Fig. C.1. For CH3OH, we find a
fairly good fit of the transitions for one component with 40 K
and 1.3 · 1015 cm−2. However, the synthetic spectrum underesti-
mates the emission of CH3OH(9−1,9−80,8).
SMA observations We tried to compute synthetic spectra from
one component for the H2CO transitions in W33 A1, W33 B1,
and W33 B but it was not possible to fit all three transitions
well. The synthetic spectra show that the peak line ratio be-
tween H2CO(32,1−22,0) and H2CO(32,2−22,1) should be close
to 1, and the peak of the H2CO(30,3−20,2) line is larger than
the peaks of the other two transitions. The peak line ratios
H2CO(32,1−22,0)/H2CO(32,2−22,1) in W33 A1 and W33 B1 are
0.6 and 2.0. In W33 B, the line ratio is close to 1, but the peak
of H2CO(30,3−20,2) is smaller than the peaks of the other two
transitions. This indicates that the assumption of a single tem-
perature relating the level populations is not justified for H2CO
in all three sources.
We constructed a synthetic spectrum for HNCO in W33 B
for one component with the RTD results. The synthetic spectrum
underestimates the emission of all transitions. A good fit of the
observed spectrum is achieved with 280 K and 2.5 · 1015 cm−2.
Fig. C.1: Observed (black) and synthetic (red) spectra of
CH3CCH in W33 Main.
However, the emission of the transition at 220.58 GHz is slightly
overestimated, while the emission of the transition at 218.98
GHz is slightly underestimated. Through comparison with
the synthetic spectrum, we found two additional transitions of
HNCO at 219.66 GHz (HNCO(103,8−93,7), HNCO(103,7−93,6)),
which are blended and a 2σ detection in our data.
The synthetic spectrum of the CH3CN emission in W33 B,
which was compiled from the RTD results, is only a good fit for
the CH3CN(123−113) transition. A better fitting synthetic spec-
trum is constructed from a kinetic temperature of 280 K and a
column density of 1.3 · 1015 cm−2. However, the emission of the
CH3CN(123−113) transition is now overestimated. The compar-
ison of synthetic and observed spectrum yield the identification
of another transition of the CH3CN ladder (CH3CN(127−117)),
which is a 2σ detection in our data. The RTD results of CH3OH
in W33 B yield a synthetic spectrum, which underestimates the
emission of all CH3OH transitions. The synthetic spectrum
shows that at least two components are necessary to fit the ob-
served spectrum. However, we do not find two combinations of
temperatures and column densities that fit all transitions well.
